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PREFACE 


The two most obvious alternatives in the 
study of any subject are to start with the 
known and proceed to the unknown, or to 
start with the simple and proceed to the 
complex. In general botany, the first alter- 
native is exemplified by beginning with the 
angiosperms, and the second by ending 
with them. The second alternative has 
been chosen for this text, both because 
it permits a natural evolutionary sequence 
and because few entering college students 
have more than a superficial familiarity 
with the structure, functions, and repro- 
duction of angiosperms. Furthermore, the 
life cycle of angiosperms is best understood 
by the student who has some knowledge 
of the lower groups. 

The text has been written, however, 
so that those who prefer to teach the 
angiosperms before the other groups of 
plants may do so. Terms used in dis- 
cussing the angiosperms are introduced as 
new, even though they may have been 
used in earlier chapters on other groups. 
It is possible to move directly from 
Chapter 5 to Chapter 23, postponing or 
omitting the study of cryptograms and 
gymnosperms. 

Both facts and interpretation are stressed 
in this text, in the conviction that facts 
without interpretation are meaningless, 
but interpretation without a solid founda- 
tion of facts is poorly grasped and soon 
forgotten. Within the space limitations 
inherent in an introductory text, I have 
tried wherever possible to bring the stu- 
dent to the boundary of our knowledge, 
and to peer into the future. An earnest 





effort has been made to evaluate and 
include the results of current research. 

In many branches of learning, certainly 
in much of botany, there are successively 
higher plateaus of understanding, sepa- 
rated by steep slopes of fact accumulation. 
The value of struggling up a slope of facts 
is limited if one does not reach the 
plateau of understanding. Throughout this 
text an effort has been made to reach the 
plateaus, and often to look upward to the 
next slope. The first plateau in genetics is 
simple Mendelism, but this provides such 
a limited and distorted view that we have 
climbed to the next level—an appreciation 
of multiple factors and multiple effects. 
Geneticists are still struggling toward an 
understanding of the precise structure of 
chromosomes and genes, and we merely 
gaze briefly at this slope. 

Interpretative understandings reached at 
one level of study may themselves be- 
come the facts which permit some new 
or higher understanding. When Coper- 
nicus, and later Galileo, expounded the 
view that the earth is a sphere which turns 
on its axis and revolves around the sun, 
they were interpreting factual observations. 
Their interpretation, only slightly modi- 
fied, has become a set of fundamental 
scientific faets which is part of the founda- 
tion for further improvements in our un- 
derstanding of the universe. I hope that 
students using this text may likewise be 
able to utilize the interpretative under- 
standings here reached, as facts which will 
help them to understand other problems 
they will meet. 
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viii PREFACE 


Many people have generously helped in 
the preparation of this book, either by 
reading manuscript or by providing illus- 
trations or materials. While assuming com- 
plete personal responsibility for the entire 
text, I gratefully acknowledge the construc- 
tive criticism offered by the following bot- 
anists who have read parts of the manu- 
script: H. A. Gleason, ecology; John B. 
Hanson, water relations; Robert E. Hun- 
gate, bacteria; Henry A. Imshaug, lichens; 
R. M. Klein, physiology and some other 
segments; George F. Papenfuss, algae; 
Ruth Patrick, diatoms; D. J. Rogers, eco- 
nomic importance of angiosperms; D. P. 
Rogers, part of the fungi; Clark Rogerson, 
part of the fungi; R. M. Schuster, bryo- 
phytes; Alcides Teixeira, part of the fungi; 
and W. H. Wagner, vascular cryptogams. 
My wife, Mabel A. Cronquist, read the 
entire manuscript for form and clarity, and 
she did much of the final typing 

The original illustrations were drawn by 
Charles C. Clare and carry his initials. 
Many of the microscope slides used by Mr. 
Clare were kindly lọaned for this purpose 
by M. S. Markle. Other illustrations are 
individually acknowledged in the captions. 
I particularly wish to thank the editors of 
Ginn and Company for generously allow- 
ing me to use a number of drawings from 
W. H. Brown’s excellent text, The Plant 
Kingdom. Some other institutions and in- 
dividuals who have provided large numbers 
of photographs are the Boyce-Thompson 
Institute; Chicago Natural History Mu- 
seum; Cornell University, Department of 
Plant Pathology; General Biological Supply 
House (Chicago); Lakeside Biological 
Products (Ripon, Wis.); National Audu- 
bon Society; New York Botanical Garden; 
U.S. Department of Agriculture (Forest 
Service and Agricultural Research Serv- 
ice); Herman Becker; José Cuatrecasas; 
T. H. Everett; J. Arthur Herrick; W. H. 
Hodge; and Jack McCormick. The full 
page photographs of Hydrodictyon, 
Euglena, and a colonial diatom were made 


especially for my use by Elsa H. J. O’Don- 
nell. ; 

The full resources of the New York 
Botanical Garden library, herbarium, and 
living collections have been constantly at 
my disposal. The illustrations of Antho- 
ceros were drawn in part from living ma- 
terial supplied by Wilbur H. Duncan. 
Fern gametophytes and Isoetes sporo- 
phytes were provided by my son, John 
Cronquist; the Isoetes stocks were origin- 
ally sent him by Dr. Duncan. The phyletic 
chart of the divisions and classes of plants 
was designed by John Cronquist, under 
my supervision. The photograph of Psilo- 
tum shows a plant given me by David B. 
Dunn. My daughter Elizabeth and my son 
John assisted in the preparation of the 
index. 


PREFACE TO THE 
SECOND EDITION 


Ten years is a long time for a textbook 
in science. Changes in information or out- 
look during the past decade are reflected 
throughout this edition. New chapters 
dealing with respiration and molecular 
genetics have been added, and the mech- 
anism of photosynthesis is given a new 
treatment. Electron microscope contribu- 
tions to cytology are discussed much more 
extensively. The upsurge of interest in 
human environmental problems has led 
me to re-emphasize the vital role of plants 
in making and keeping the earth habit- 
able. 

New findings have required significant 
changes of detail in nearly every chapter. 
The chapter on mitosis has been rewritten 
to accommodate new information, espe- 
cially about microtubules. The chapter on 
viruses has been revised to include new in- 
formation on virus structure and reproduc- 
tion. ‘The position of the Phycomycetes as 
possibly ancestral to the other fungi has 
been re-evaluated in the light of the 
increasing likelihood that the Phycomy- 


cetes are themselves not a natural group, 
perhaps being derived from two different 
groups of algal flagellates. ‘The application 
of the telome theory to the Lycopodio- 
phyta is more doubtful now than it was 10 
years ago, although the concept still seems 
useful in other vascular cryptograms. The 
ancestry of the gymnosperms has been 
considerably clarified in the past decade by 
the discovery of new fossils and the conse- 
quent reinterpretation of old ones. Phyto- 
chrome, which was coming to the fore as a 
growth regulator 10 years ago, is now much 
better understood; and attention is turning 
to abscisic acid as another pervasive regu- 
lating system. The recent recognition of six 
subclasses of dicotyledons and four of mon- 
ocotyledons has helped our understanding 
of the classification and evolutionary re- 
lationships of angiosperms, and studies of 
fossil pollen have thrown new light on old 
problems. Even the nomenclature of the 
major groups of plants has had to be re- 
vised. 

A complete list of botanists who have 
in one way or another helped me toward 
this new edition would be a roster of my 
botanical friends. New information and 
ideas come from meetings and discussions 
in the United States and elsewhere, and 
when the time comes to revise the text- 
book I may not recall the source. Some of 
those who have been most helpful are 
Andrew Bajer, Harlan Banks, T. M. Bark- 
ley, Charles B. Beck,, Herman F. Becker, 
Harold Bold, H. A. Borthwick, Henry M. 
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Cathey, John Cronquist, José Cuatrecasas, 
Theodore Delevoryas, James Doyle, T. H. 
Everett, Arthur Galston, DuWayne Good- 
win, Peter K. Hepler, Arthur H. Holm- 
gren, Max Hommersand, Thomas E. Jen- 
sen, Joyce Kephart, Aleksander Kivilaan, 
Richard M. Klein, Paul J. Kramer, Alberto 
Mancinelli, John M. Olson, G. L. Steb- 
bins, Armen Takhtajan, Bruce Voeller, W. 
Gordon Whaley, and Geoffrey Zubay. To 
all of these, and to many others upon 
whom I have drawn for information or as- 
sistance, I am grateful. None of them is to 
be charged with responsibility for any fact, 
interpretation, or opinion here expressed. 

C. C. Clare, who prepared the original 
drawings for the first edition, has con- 
tinued his work for the second edition. 
Walter Singer, staff photographer for the 
New York Botanical Garden, has taken 
many photographs for my use, and Irving 
Zimmerman has consistently made the 
best possible prints from the many nega- 
tives I have taken him. John Reed, librar- 
ian for the New York Botanical Garden, 
has been unfailingly helpful in searching 
out bits of information, as have Sven 
Karell, Lothian Lynas, Sonia Wedge, and 
other library staff members. 

Most of all I am grateful to my wife, 
Mabel, without whose devoted assistance 
the book could not have been completed 
at this time. 


ARTHUR CRONQUIST 


November, 1970 
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Scene along the Kaweah River, western foothills of the Sierra Nevada, California. Yucca 
in the foreground. (Photo by John O. Sumner, from National Audubon Society.) 
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THE NATURE OF SCIENCE 


THe Kinps OF SCIENCE 


Botany is the science which treats of 
plants. It is a branch of biology, the sci- 
ence which deals with living things, both 
plant and animal. Biology, in turn, may be 
considered as one of the natural sciences, 
which deal with nature—in its broadest 
sense. Some other natural sciences are 
chemistry, physics, geology, and astronomy. 
The natural sciences, exclusive of biology, 
may be referred to as the physical sciences. 
In addition to the natural sciences there 
are the social sciences, such as economics 
and sociology, and the exact sciences, such 
as mathematics. 

Such an organization of the kinds of 
science is convenient but not wholly satis- 
factory for all purposes. The boundaries 
between the sciences are not sharp, and 
many special fields may include parts of 
two or more other sciences. Thus genetics 
(the study of heredity) and ecology (the 
study of the relation between organisms 
and their environment) are parts of bi- 
ology which transcend the distinction be- 
tween botany and zoology; and biochem- 
istry, the chemistry of living things, is on 
the borderline between chemistry and bi- 
ology. The different sciences are, further- 
more, so interdependent that a proper un- 
derstanding of any one requires also a 
knowledge of several others. A good bot- 
anist must know some zoology, chemistry, 
physics, mathematics, and geology. An 
advance in any field of science may prove 
to be useful or necessary for the further 
progress in some other field. For example, 
the developments of the past several dec- 
ades in the knowledge of radioactive ele- 
ments have given plant physiologists and 
biochemists an important new tool for 
deciphering the chemical structure of liv- 
ing organisms and the processes which 
occur in them. Any of a number of ele- 
ments used by a plant can be supplied in 
radioactive form, and the subsequent his- 
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tory of these tagged or labeled atoms can 
be followed because of their radioactivity. 

‘In contrast to the organization given 
above, science may be divided into pure 
science, in which knowledge is sought for 
its own sake, without regard to its imme- 
diate economic importance, and applied 
science, in which an attempt is made to 
put knowledge to practical use. Efforts now 
being made by plant physiologists to find 
out just how a plant manufactures food 
from raw materials are an example of pure 
science. A solution to this problem in 
pure science will be aided by the use of 
radioactive isotopes and may permit the 
eventual application of this knowledge to 
the practical problem of producing food 
for human use. Todays minor bit of sci- 
entific knowledge may tomorrow be an 
essential part of some new development 
in pure or applied science. 


THE CONCEPTS OF SCIENCE 


It is commonly said that science is or- 
ganized knowledge, but that is not a com- 
plete definition. Inherent in any concept 
of science is the search for objective truth 
or understanding, without regard for what 
would be pleasant or convenient to believe. 
Also inherent is the necessity for the facts 
or data to be sufficiently numerous and 
reliable to permit a solid core of agree- 
ment among essentially all serious stu- 
dents. Individual tastes and value judg- 
ments, which are so important in the arts 
and philosophy, are minimized in science. 
Ideally, all scientists working on a given 
problem should arrive at the same con- 
clusion, and when experiment is possible, 
the results should be the same no matter 
who performs the experiment. 

Scientists in all fields are continuously 
trying to add to the body of knowledge 
and understanding. The expansion of sci- 
entific knowledge involves both the dis- 
covery of previously unknown facts and 
the formulation of generalizations based 
on those facts. A scientific guess aimed at 


explaining certain observed facts is called 
a hypothesis. When additional informa- 
tion indicates that the guess is probably 
correct, the hypothesis may attain the 
status of a theory. If the theory proves to 
be correct and consistently applicable to a 
certain type of situation, it becomes a prin- 
ciple or law. ‘The term law is applied espe- 
cially to generalizations which can be 
used to predict accurately the results of 
the interaction of different factors or 
forces. Mendel’s laws of heredity, taken 
up later in this book, are examples of sci- 
entific laws, although their applicability is 
now known to be more limited than was 
once believed. 

Frequently, particularly in the observa- 
tional as opposed to the experimental 
phases of science, it is convenient to con- 
tinue to refer to a universally accepted 
principle as a theory. The cell theory, 
which states that living matter is charac- 
teristically organized into small, complex, 
definite bodies called cells, is an example 
of such a principle. The fact that some or- 
ganisms (such as slime molds) are not 
composed of cells does not impair the use- 
fulness of the cell theory in enabling us 
to understand the structure of living mat- 
ter; in fact, the exceptions to the cell 
theory are best understood in the light of 
knowledge concerning cellular organisms. 

Another scientific principle is the the- 
ory of organic evolution. It states that or- 
ganisms of different kinds are related 
through a common ancestry, that the exist- 
ing kinds of organisms have arisen from 
one kind of simple organism or a rela- 
tively few kinds of simple organisms, and 
that the whole process is very gradual and 
consists of small steps. The mechanisms of 
organic evolution are partly but not wholly 
understood; they are discussed in Chapter 
38. The principle of organic evolution is 
no longer a matter of contention among 
scientists. 

All scientific concepts, be they hy- 
potheses, theories, principles, or supposed 
laws, are subject to re-examination, modi- 
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fication, or rejection as additional informa- 
tion is obtained. Often the additional in- 
formation necessitates adjustment or re- 
finement of existing ideas, so that succes- 
sive concepts tend to represent ever closer 
approximations to the ultimate truth. 


Tue SCIENTIFIC METHOD 


The methods employed by scientists 
in an effort to solve a problem have so 
much in common that the term scientific 
method is customarily used. In essence, 
the scientific method consists of (1) the 
acquisition of a body of facts pertaining 
to the problem; (2) the formulation of one 
or more hypotheses based on these facts; 
and (3) the testing of each hypothesis, 
either by the acquisition of new data of 
critical importance, or, when possible, by 
one or more experiments designed to de- 
termine whether a prediction based on the 
hypothesis is correct. The experiment, or 
the additional data, should be of such na- 
ture that if they confirm the applicability 
of one hypothesis, they exclude the alterna- 
tives. If no hypothesis is borne out by the 
third step, then the whole process, or the 
last two steps, are repeated until a satis- 
factory conclusion is reached. 

Most scientific generalizations, par- 
ticularly in the biological sciences, are sub- 
ject to exception. In this book we shall 
give primary attention to the usual or 
typical conditions, and only passing (if 
any) mention to the unusual. The atten- 
tive reader will note the frequent use of 
qualifying words which admit exceptions 
to the statements made. 


THE: NATURE OF LIFE 


THE CHARACTERISTICS OF LIFE 


We have said that biology is the sci- 
ence which deals with life and that botany 
is the branch of biology which deals with 
plants. All of us know, in general, what 
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is meant by “life” and “plant,” but neither 
of these terms is precisely definable. There 
is no sharp boundary line between plants 
and animals, or even between living and 
nonliving things. The most characteristic 
features of life are growth, reproduction, 
and the carrying on of a complex series of 
chemical processes which are known col- 
lectively as metabolism. Of these, metab- 
olism is the most important, since in any 
living thing growth and reproduction may 
be postponed or even eliminated, but if 
metabolism stops, the organism is no 
longer alive (except for the apparently 
suspended animation seen in certain viruses 
and spores). Living matter, called proto- 
plasm, is (at least ordinarily) a complex 
organized mixture of proteins, fats, and 
many other substances, suspended in 
water, the whole in a state of continuous 
chemical! activity. Any one of these sub- 
stances, when isolated from the others, is 
not alive; it is the chemically active mix- 
ture that is alive. 

One of the processes of metabolism 
is the breakdown of complex substances, 
called foods, into simpler substances, with 
energy being released as a result. ‘The 
breakdown of foods may be divided into 
(1) digestion, a preliminary step which 
makes thern more soluble or more readily 
diffusible without significantly changing 
the amount of stored energy, and (2) res- 
piration, a further step in which some or 
all of the energy that was stored in the 
food is released. Respiration usually involves 
the use of oxygen, and the formation of 
carbon dioxide as one of the waste prod- 
ucts. As used by biologists, the term res- 
piration refers to the actual chemical proc- 
esses within a living organism which result 
in the relcase of energy from food, not 
merely to breathing or to the exchangc of 
gases which accompanies it. Some of the 
energy rcleased in respiration is used to 
keep the protoplasm of a cell in constant 
motion; some of it is used in the forma- 
tion, from raw materials and digested 


foods, of new. compounds which become 
part of the protoplasm; and about half of it 
is transformed immediately into heat. In 
warm-blooded animals the heat released 
in respiration is used to maintain a body 
temperature higher than the usual tem- 
perature of the outside environment; in 
other kinds of organisms the heat is 
largely wasted. The formation of new pro- 
toplasm from raw materials and digested 
foods is called assimilation. Digestion, res- 
piration, and assimilation are among the 
essential processes of metabolism. ‘The 
most continuous of these processes 1s res- 
piration. With minor exceptions (some 
spores and viruses), continuous respiration 
is characteristic of all living things; if 
respiration completely stops, the organism 
dies. (It should be noted, however, that a 
state of suspended animation can be ob- 
tained in some kinds of cells by quick freez- 
ing and drying, under conditions far more 
extreme than exist in nature.) 

Changes in the environment influence 
metabolic activities, and particular changes 
tend to call forth particular responses. ‘This 
capacity to respond to stimuli, called ir- 
ritability, is one of the most important 
characteristics of protoplasm. In both 
plants and animals responses to stimuli 
often result in movement, of either the 
whole organism or some part of it, and in 
plants they often also affect the direction 
of growth. Some types of plant response to 
stimuli are discussed in Chapter 33. 

Protoplasm is constantly wearing out 
breaking down, and being replaced by new 
protoplasm. When protoplasm is formed 
faster than it breaks down, the organism 
grows. Some or all of the cells increase in 
size, and these growing cells divide peri- 
odically, each into two. As a result, the 
organism appears to grow from within, 
rather than by merely adding material ex- 
ternally. Growth by intussusception, as this 
type of growth is called, is characteristic of 
living things. Nonliving things may swell 
by the absorption of watcr or other liquids 


(e.g., a raisin), Or may grow by accretion, 
the mere addition of material of the same 
sort to what is already there (e.g., a hail- 
stone, or a chemical crystal), but they do 
not grow by intussusception. If any one 
thing can be said to be the ultimate cri- 
terion of life, it is the ability to transform 
and organize food by chemical processes 
into body substance which in turn uses 
food in similar fashion, 


THE ORIGIN OF LIFE 


Many years ago it was generally be- 
lieved that living things frequently orig- 
inated from nonliving ones, 1.e., by spon- 
taneous generation. Cheese and old rags 
left undisturbed in a dark closet for some 
days were supposed to generate mice; 
mcat exposed to the open air was supposed 
to generate maggots, etc. The concept of 
spontaneous generation still survives in 
popular superstition, as, for instance, that 
a horschair in a watering trough will turn 
into a wireworm. Experiments by various 
scientists dispelled most of these ideas, but 
until well into the nineteenth century 
microorganisms were widely believed to 
arise spontaneously. The Italian biologist 
Lazzaro Spallanzani (1729-1799) demon- 
strated in 1768 that organisms did not re- 
appear in cultures that were sterilized by 
boiling and then sealed by fusion of the 
mouth of the glass container. Schulze and 
Schwann in 1837 improved on Spallan- 
zani’s demonstration by permitting air to 
enter the sterilized flasks through red-hot 
tubes which killed any organism borne in 
the air. These cxpenments attracted rela- 
tively littlc attention, however. It remained 
for the French biologist and chemist Louis 
Pasteur (1822-1895) to deliver the death- 
blow to the theory of spontaneous genera- 
tion. Apparently unaware of the work of 
his predecessors, he improved on their ex- 
periments (1862) by permitting air to 
enter the sterilized flasks through slender 
tubes twisted into such shapes that par- 
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Fig. 1.1 Louis Pasteur (1822-1895), versatile 
French biologist and chemist, famous for his 
work on the cause and prevention of human 
and animal diseases and for his studies on 
fermentation, spontaneous generation, etc. (Cour- 
tesy of The New York Botanical Garden.) 


Fig. 1.2 Flask of a type used by Pasteur in his 
experiments on spontaneous generation. 


ticles floating in the air could not fall into 
the flasks (Fig. 1.2). His work was well 
publicized, and the principle that all life 
arises from pre-existing life soon became 
standard scientific doctrine. 

Spallanzani’s experiments bore prac- 
tical fruit long before the idea of spon- 
taneous generation was fully discredited 
among biologists. François Appert, a 
French chef, founded the canning industry 
in 1804 and made a fortune from it. The 
French government awarded him a sub- 
stantial prize in 1810 for making public his 
process, which consisted of sterilizing the 
food by boiling it and then sealing it in 
sterilized glass containers. 
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The ultimate origin of life is still not 
fully understood, but most biologists now 
tentatively accept the idea of an original 
spontaneous generation at the molecular 
level, under environmental conditions quite 
different from those that exist today. In 
considering the last three billion years, at 
least, the principle that all life arises from 
pre-existing life seems to be correct (see 
Chapter 33). Some of the viruses, which 
can be “crystallized” into apparently inert 
nucleoproteins but which return to appar- 
ent lite when introduced into the proper 
host, appear to be on the borderline be- 
tween the living and the nonliving. Since 
these occur only as parasites of more com- 
plex organisms, however, they are not likely 
to be the most ancient form of life. 


THE NATURE OF PLANTS 


Once we have arrived at the level of 
complexity of the most primitive existing 
organisms, which are microscopic and con- 
sist of single cells, three principal modes ot 
nutrition are possible. The organism can 
make its food; it can absorb food from its 
surroundings; or it can eat (ingest) its 
food. 

Organisms which make their own 
food have developed a series of features 
related to that way of life and are called 
plants. Organisms which eat their food 
have developed other features related to 
this way of life and are called animals. 
Both plants and animals have given rise 
to (and may have arisen trom) organisms 
which neither make nor eat their food but 
instead absorb it from their surroundings. 
Food-absorbing organisms are classified as 
plants or animals according to their prob- 
able evolutionary relationship as indicated 
by their structure and chemical processes. 
Some food-absorbing organisms, such as 
the fungi, probably originated prior to the 
divergence of plants and animals into 
wholly separate evolutionary lines. 

A typical plant makes its own food 


from raw materials, with the aid of the green 
pigment chlorophyll. It is not motile, and it 
has neither a nervous system nor an excre- 
tory system. It is usually branched, with 
many similar parts; the size of the plant, 
the number of branches, and the number 
of organs of each kind are vanable and 
subject to considerable modification by the 
environment. Increase in size is due largely 
to cell divisions in certain limited regions 
called meristems, and growth tends to con- 
tinue indefinitely. The cells are bounded 
by a nonliving wall composed largely of 
cellulose, a complex carbohydrate. During 
cell division the protoplasm is divided into 
two parts by the formation of a cell plate, 
as described in Chapter 4. 

A typical animal has no chlorophyll; 
it eats its food rather than making it. It is 
motile and has both a nervous and an ex- 
cretory system. It has a fairly definite ma- 
ture form and size that are relatively little 
affected by the environment, and the num- 
ber of organs of each kind is definite and 
usually not large. Increase in its size is due 
to cell divisions in all parts of its body, and 
growth stops when a certain size is reached. 
The cells, or most of them, are bounded by 
a flexible, living, proteinaceous mcrnbrane. 
Those cells which give a degree of rigidity 
to the body are surrounded by calcium 
salts, as in the vertebrates, or have a 
chitinous wall, as in the insects and other 
arthropods. (Chitin resembles protein to 
the extent that nitrogen is one of its essen- 
tial constituents, although it is otherwise 
more like cellulose and other carbohy- 
drates.) During cell division the proto- 
plasm is constricted or furrowed into two 
parts, without the formation of a cell 
plate. (In both plants and animals there 
1s ordinarily a precise division of one of the 
parts of the protoplasm, the nucleus, as is 
explained in Chapter 4.) 

All these characteristics by which 
plants differ from animals are subject to 
exception, some morc so than others; but 
among the more complex organisms there 


is rarely any difficulty in distinguishing a 
plant from an animal. The Venus’s-flytrap 
(Fig. 1.3), a green plant which gets some 
of its food by snapping its leaves shut on 
unsuspecting insects, is still obviously a 
plant. Likewise dodder (Fig. 1.4), a twin- 
ing nongreen plant that parasitizes other 
plants and absorbs its food from them, 
would never be confused with an animal; 
and tapeworms, although they absorb 
rather than eat their food, would scarcely 
be confused with plants. 

As one considers progressively more 
simple organisms, the distinction between 
plants and animals becomes progressively 
more difficult. The fungi are generally con- 
sidered to be plants, although their cell 
walls are usually chitinous rather than 
being composed of cellulose. Many of the 
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Fig. 1.3 Venus’s-flytrap (Dionaea muscipula), an 
insectivorous plant native to North and South 
Carolina. (About half natura! size.) (Photo by 
Allan D. Cruickshank, from National Audubon 
Society.) 
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single-celled algae swim freely in water, 
and some of thcse are commonly studied 
in elementary courses in zoology as well as 
in botany. Among the most notable of 
these intermediate forms is Euglena (Fig. 
1.5), which usually has chlorophyll and 
makes its own food, but which also has a 
gullet. Apparently Euglena itself does not 
ordinarily ingest food through the gullet, 
but some very similar and closely allied 
organisms without chlorophyll do. The 
cells of Euglena are bounded by a flexible, 
living, proteinaceous membrane; they have 
a simple excretory system; and the begin- 
ning of a nervous system is indicated by an 
eyespot which is sensitive to light. It 1s 
difficult to deny that any organism which 
contains chlorophyll is a plant, yet in other 
respects these organisms certainly resem- 
ble animals; and some of the close rela- 
tives of Euglena which lack chlorophyll 
are by all criteria animals. 

The classification of organisms into 
the plant kingdom and the animal king- 
dom, based on the structural and chemical 
characters attendant upon their mode of 
nutrition, is natural, useful, and for the 
most part not difficult, but the cleavage 
between the two kingdoms is not absolute. 
Many of the chlorophyll-bearing unicel- 
lular organisms, which are trcated by bot- 
anists as plants, are so obviously related to 
unicellular, nonchlorophyllous animals 
that zoologists regularly treat them as ani- 
mals in spite of their chlorophyll. Once 
past the single-celled stage, however, the 
evolutionary development of plants and 
animals appears to have followed wholly 
separate channels, with no cross connec- 
tions. 

Biologists dissatisfied with the vague- 
ness of the traditional distinction between 
the plant and animal kingdoms have re- 
peatedly tried to resolve the difficulties by 
recognizing three or more kingdoms of 
organisms instead of only two. None of 
these schemes has been widely accepted, 
perhaps because all are subject to the same 
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problems as the scheme they propose to 
replace. There is some justification for rec- 
ognizing the fungi as a third kingdom, but 
that does not clarify the distinction be- 
tween unicellular plants and unicellular 
animals. There is also some justification for 





Fig. 1.4 Dodder (Cuscuta), 
a twining, yellowish, para- 
sitic plant lacking chloro- 
phyll. It obtains its food 
through special absorbing 
organs (haustoria) which en- 
ter the tissues of the plant 
it grows on. (About natural 
size.) (Photo by Hugh 
Spencer, from National Au- 
dubon Society.) 


Fig. 1.5 Some single-celled 
motile organisms. Left, Chla- 
mydomonas, which has an 
eyespot and a definite cell 
wall and makes its own 
food. (*1200.) Center, Eu- 
giena, which has an eyespot 
and makes its own food but 
lacks a ceil wall and has a 
mouth-like gullet at one end. 
(X500.) Right, Trichomonas, 
which lacks a cell wall and 
absorbs its food from its 
surroundings. (>3500.) All 
three organisms are com- 
monly treated as protozoa 
(animal kingdom) by zoolo- 
gists; Chlamydomonas and 
Euglena are also treated as 
algae (plant kingdom) by 
botanists. 


classifying all organisms into two great 
groups, the eukaryotes and prokaryotes, on 
the basis of the complexity of organization 
of their protoplasm (see Chapter fo). Wits 
bacteria and blue-green algae, with rela- 
tively simple protoplasmic organization, 


constitute the prokaryotes, and all other 
organisms collectively constitute the eu- 
karyotes. Such a classification, however, 
leaves the vast majority of kinds of organ- 
isms in one kingdom, which must then be 
arranged into several major groups with 
vague boundary lines between them. 


BRANCHES OF BOTANY 


The increase in scientific knowledge 
during the past century, with the resultant 
impossibility for any individual scientist 
to comprehend all of it, has brought about 
a growing trend toward specialization. 
Proper understanding of any one segment 
of science requires some knowledge of sev- 
eral others, but the amount of detailed in- 
formation now available is far too great 
for any one person to know more than a 
small fraction of it. 

Botany, the study of plants, can be 
divided into several overlapping fields, all 
of which have zoological counterparts. The 
study of the form and structure of plants 
is called plant morphology, and this term 
is usually extended to cover also the 
changes in form and structure during 
growth and reproduction. Plant morphol- 
ogy includes plant anatomy, the study of 
the detailed structure of plants, particu- 
larly the kinds of cells of which tissues and 
organs are composed. The study of the 
structure of the living parts of cells (the 
protoplasm), including the changes in 
structure which occur during cell division, 
is called cytology. Still another specialized 
branch of morphology is palynology, the 
study of the structure of pollen grains. 

The study of the processes occurring 
in plants and of the functions of plant 
parts is called plant physiology. Many 
plant physiologists mow concern them- 
selves chiefly with the chemical processes 
occurring in plants; they might equally 
well be called biochemists or plant bio- 
chemists. 

The study of the relation between 
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plants and their environment is called plant 
ecology. Plant ecology may be further di- 
vided into autecology and synecology. Aute- 
cology deals with individual plants, usually 
emphasizing the effect of the environ- 
ment on the plant, rather than vice versa. 
It might almost as well be considered to be 
a branch of physiology, coordinate with the 
biochemical branch. Synecology deals 
with plant communities, including both 
the influence of the environment on the 
community and the influence of the com- 
munity on the environment. Plant geog- 
raphy, the study of the distribution of 
plants and plant communities, is in large 
part a branch of synecology. 

The study of heredity is called ge- 
netics. The principles of genetics are so 
similar in plants and animals that there is 
no clear division between plant geneticists 
and animal geneticists. 

The study of the diseases of plants 1s 
called plant pathology. 

The study of plant fossils is called 
paleobotany. Paleobotany may be consid- 
ered to be a branch of paleontology, the 
study of fossils of all kinds, but the latter 
term (paleontology) is frequently used to 
refer primarily to the study of animal 
fossils. 

The study of the mechanisms of evo- 
lution has attracted much attention, espe- 
cially in the last half-century, but this 
branch of biology is not generally referred 
to by a special name. The study of the 
paths which evolution has followed, and 
thus of the relationships among kinds of 
plants, overlaps strongly with systematic 
botany, or plant taxonomy. Plant taxono- 
mists attempt to classify plants into a sys- 
tem which reflects both evolutionary rela- 
tionships and presently existing similarities 
and differences. Evidence from all sources 
is used in arriving at a taxonomic system, 
but external morphology is usually em- 
phasized because it provides so many char- 
acters that can easily be seen and meas- 
ured. 
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A large proportion of botanists devote 
their efforts chiefly to the study of the seed 
plants, which make up the dominant vege- 
tation of the land surface. The study of 
other groups of plants is often designated 
by special names. Pteridology is the study 
of ferns and fern-like plants, bryology is 
the study of bryophytes (mosses and liver- 
worts); mycology is the study of fungi; 
phycology, or algology, is the study of 
algae; bacteriology is the study of bacteria. 

All the foregoing phases of botany 
have some economic significance. The 
study of the economic importance of 
plants is called economic botany. Eco- 
nomic botany is closely alhed to agricul- 
ture, the culture of plants and/or animals 
for food or other economic use. A very 
specialized type of agriculture, in which 
plants are grown in tanks of water to 
which the necessary mineral nutrients 
have been added, is called hydroponics, 

A division of interest that affects 
both botany and zoology exists between 
molecular biology, which is primarily con- 
cerned with intracellular chemical pro- 
cesses, and organismic biology, which is 
primarily concerned with whole organisms 
and populations. All features of whole 
organisms have their basis in chemical 
processes, just as chemical processes have 
their basis in atomic physics; but each level 
of integration, from subatomic particles to 
atoms to molecules to cells to organisms to 
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populations has its own set of data, princi- 
ples, and problerns. The great advances in 
knowledge in molecular biology in the 
past few years have made it a very exciting 
and fast-moving field, but the future may 
belong to the ecologists, to whom society 
must eventually turn for advice on how to 
live with our environment without destroy- 
ing both the environment and ourselves. 
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SOME PHYSICAL 


AND CHEMICAL 
BACKGROUND 


Cymbalaria muralis, the Kenilworth ivy, growing on a wall at Ostia Antiqua, the port of 
ancient Rome. The specific epithet, muralis, is the adjectival form of Latin murus, wall. 


There are plants for every habitat. 
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UNITS OF MEASUREMENT 


Measurements of length of ordinary 
visible things are conveniently expressed by 
the metric system, or in English-speaking 
countries more often by the antiquated 
system of inches, feet, yards, etc. One 
meter is about 39.37 inches, a little more 
than one yard; one millimeter, or a thou- 
sandth of a meter, is about 1/25 inch. 
The word meter is often abbreviated as m, 
and the word millimeter as mm. 

Another scale of measurement is nec- 
essary for objects of microscopic or ultra- 
microscopic size. The units of this scale 
represent a further subdivision of ordinary 
metric units. One one-thousandth of a 
millimeter is called a micron, often abbre- 
viated as wm. One one-thousandth of a 
micron 13 called a millimicron, or nano- 
meter, abbreviated as nm. One tenth of a 
millimicron is one Angstrom unit, desig- 


nated A. Thus one A is .G00000] mm. 


SUSPENSIONS, SOLUTIONS, AND 
COLLOIDS 


The chernical and physical properties 
of any mixture of water and another sub- 
stance undergo some variation according to 
the size of the particles of the substance in 
the water. In general, if solid particles in 
water are larger than about 0.1 micron 
(100 miullimicrons) in diameter, the mix- 
ture is cloudy or turbid, and the partieles 
will eventually settle out. Such a mixture is 
called a suspension 

If the particles dispersed in the water 
are stnaller than about one millimicron in 
diameter, corresponding to the size of 
ordinary molecules or ions, the mixture is 
transparent and the particles do not settle 
out. Such a mixture is called a solution. 
The term solution may be applied to simi- 
lar liquid mixtures which do not contain 
water and also to mixtures of gases. In a 
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liquid solution, the substance whose par- 
tieles are dispersed separately from each 
other is called the solute, and the sub- 
stance through which the solute is dis- 
persed is called the solvent. The solute is 
dissolved in the solvent. The most com- 
mon solvent is water. The molecules of 
many substances in aqueous solution be- 
come separated into electrically charged, 
chemically active particles called ions. 

If the particles dispersed in water are 
between about one and 100 miullimicrons 
in diameter, corresponding in size to very 
large individual molecules, or to groups 
of smaller molecules, the mixture may be 
either turbid or transparent, but the par- 
ticles do not settle out. Such a mixture is 
called a colloidal suspension, a colloidal 
solution, or simply a colloid. Colloidal par- 
ticles are often electrically charged, and 
they may teud to accumulate molccules of 
water or other substances on their sur- 
faces. A colloid which tends to adsorb 
molecules of water on the surfaces of its 
particles 1s said to be hydrophilic (water- 
loving); and the swelling of a substance 
as a result of the adsorption of water by 
hydrophilic colloids is referred to as im- 
bibition. 

A colloid containing a relatively small 
amount of water is semisolid and is called 
a gel. A colloid containing a larger amount 
of water is more liquid and is called a sol. 
A gel can frequently be changed to a sol 
by raising its temperature, even without 
adding water, and the reverse change may 
occur when the temperature is lowered, 
Ordinary gelatin dessert is a colloidal gel 
which also contains sugar and flavoring. 

Liquids which do not readily mix, 
such as oil and water, can form a physically 
stable mixture if the particles of one of the 
constituents are of colloidal size. Any col- 
loidal suspension of a liquid in a liquid is 
called an emulsion, and the same term is 
commonly applied to any colloidal sus- 
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pension of fat in water, or water in fat, 
regardless of whether the pure fat is liquid 
or solid. Cow’s cream is an emulsion, as is 
also butter. 


DIFFUSION 


In any substance, be it solid, liquid, 
or gas, the molecules are in constant mo- 
tion. In a solid the individual molecules 
move within a very limited range, but in a 
liquid or gas the individual molecules (or 
ions) are free to move throughout the 
solution. The molecules or ions of each 
substance eventually become uniformly 
distributed throughout the solution, even 
if they are introduced at only one point. 
The spreading of molecules or ions in solu- 
tions is called diffusion. Any substance in 
solution tends to diffuse from a region of 
its own high concentration toward a region 
of its own lower concentration, until a 
uniform distribution is achieved. After the 
solute has attained a uniform distribution 
throughout the solution, its molecules con- 
tinue to move, but their movement does 
not change the equilibrium of the solu- 
tion. 


EFFECT OF TEMPERATURE ON 
CHEMICAL REACTIONS 


The speed at which molecules and 
ions move increases with the temperature; 
temperature is in fact merely a measure of 
the speed of motion of these particles. 
Since any chemical reaction requires that 
different kinds of molecules or ions come 
into contact with each other, the rate at 
which these reactions take place also varies 
with the temperature. In the absence of 
other controlling or modifying factors, the 
rate of a chemical reaction approximately 
doubles with each increase of 10°C (18°F) 


in temperature. Often there is also a mini- 


mum temperature below which a reaction 
does not take place, and sometimes there 
is a Maximum as well. 


CARBON CHEMISTRY 


At the temperatures prevailing on 
earth, one element, carbon, differs from 
all others in the ability of its atoms to 
link with each other in chains, rings, and 
other structures, to which atoms of other 
elements are also attached, thus forming 
a very. large number of different com- 
pounds. It was once thought that these 
complex carbon compounds could be pro- 
duced only by living organisms; and carbon 
chemistry is still called organic chemistry, 
even though a great many organic com- 
pounds can now be produced in the lab- 
oratory and many of these do not even 
exist in nature. 

When a chemical compound com- 
posed of two or more elements is produced, 
some electrons which previously belonged 
to one atom seem to be shared with an- 
other atom, and this sharing of electrons 
holds the atoms together into a molecule. 
The number of electrons which may be 
given or received by an atom in such an 
arrangement is referred to as the valence 
of the element. If electrons are given by 
the element, its valence is positive; if they 
are received by the element, its valence 1s 
negative. 

In relatively simple compounds, car- 
bon has a valence of plus 4 or minus 4. 
In more complex carbon compounds, it is 
difhcult to distinguish the plus from the 
minus valences, since the carbon atoms 
are linked to each other. In organie chem- 
istry, then, it is customary to think of each 
carbon atom as having 4 bonds, without 
worrying about whether these are positive 
or negative. On such an assumption it is 
possible to produce structural formulas for 
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many organic compounds, with each atom 
represented by the symbol for its element 
and each bond represented by a line. ‘The 
formula of carbon dioxide, a molecule 
which consists of 1 atom of carbon and 
2 of oxygen, may be written as CO2 or as 


C  . Likewise, methane, or marsh gas, 
N 


AÀ 


O 
may be written as CH, (the H represent- 
H 


ing hydrogen), or as H-C-H Formalde- 
H 
H 
hyde is CH0, or C0. The reader will 


note that in each ye formulas hydro- 
gen has a valence of l, and oxygen 2. 
These are the characteristic valences of 
these two elements. 

Often organic compounds will have 
1 atom of hydrogen and 1 of oxygen col- 
lectively linked to a carbon atom by a 
single bond. Since hydrogen, like carbon, 
can have either a plus or a minus valence, 
whereas oxygen characteristically has a 
minus valence, 1t would be possible to 
show the oxygen atom connected to the 
carbon atom by one bond and to the hydro- 
gen atom by the other. However, it is cus- 
tomary to write the OH as a single group, 
omitting the bond between the hydrogen 
atom and the oxygen atom in the diagram. 
Thus the structural formula of formic 


O 
— | ae 
acid işs written H—C , instead of 
OH 
O 
VA 


H—C Organic acids regularly 
have a carbon atom which shares two of its 
bonds with an oxygcn atom, one with an 


OH group, and one with some other atom. 


: 


The acid effect is produced by the partial 
dissociation (in water) of the hydrogen 
atoms, without the shared electrons, from 
the OH group. Such hydrogen ions, as they 
are called, are characteristic of all acids, 
organie or inorganic. If one wishes to write 
the formula of formic acid without dia- 
gramming its structure, one writes 
HCOOH, the terminal COOH portion 
of the formula giving clear indication that 
the substance is an organic acid. The 
formula of acetic acid, a slightly more 
complex compound, may be written as 
CHCOOH, or it may be diagrammed as 
H Q 


ee . The formula of propionic 
H OH 

acid may be written as CgH;COOH or 

diagrammed as 


HH O 

| | Z 
pe 

HH OH 


Although it is customary and conven- 
ient to show many structural formulas in 
only two dimensions, careful studies by X- 
ray diffraction and other methods show 
that the moleeules are actually three- 
dimensional. A methane moleeule, for ex- 
ample, is tetrahedral, with a earbon atom 
in the center and a hydrogen atom at each 
corner of the tetrahedron. In many of the 
more complex compounds it is necessary to 
show the three-dimensional shape in order 
to clarify the structure. Glucose (Fig. 2.1) 
is an example. 

In depicting the structure of more 
complex compounds it is often useful to 
show the bonds connecting the carbon 
atoms, but not the carbon atoms them- 
selves. Any corner {where bonds meet) 
that is not otherwise marked in the dia- 
gram is then assumed to hold a carbon 
atom, and each of these carbon atoms is 
assumed to have enough hydrogen atoms 
(or sometimes atoms of other elements) 
attached to it to bring its total number of 
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bonds to four. Comprehension of this type 
of diagram comes easily after one has be- 
come accustomed to seeing diagrams with 


all of the atoms indicated (Fig. 2.2). 


OXIDATION-REDUCTION 
AND FREE ENERGY 


Many kinds of chemical reactions 1n- 
volve changes in energy relations. Energy 
may be required for a reaction, or it may 
be liberated in the reaction. The most 
common and the most important of such 
energy-changing reactions involve either 
the uptake or the release of oxygen. In 
general, any process that uses free oxygen 
and forms oxides, such as carbon dioxide 
or water, as end products, releases chemical 
energy; whereas any process in which 
chemically bound oxygen is transformed 
into free oxygen absorbs energy. The use of 
oxygen with resultant release of energy 1s 
called oxidation, and the opposite process, 
in which oxygen is released and energy 1s 
taken up, is called reduction. This simple 
concept is useful and adequate for some 
purposes, and we here use it to lead us into 
the expanded and more technical concept 
of oxidation and reduction which chemists 
have come to prefer. This procedure 1s also 
in harmony with the historical develop- 
ment of these concepts. 

Chemists now find it useful to think 
of oxidation and reduction as different 
aspects of the same chemieal reaction. 
Whenever something is oxidized, some- 
thing else is reduced, and vice versa. Oxida- 
tion-reduction reactions involve a change 
of effective valence, cither by sharing or by 
transfer of electrons. Free molecules of ele- 
mental oxygen and elemental hydrogen 
have no effective valence; their potential 
valence is not being used. When hydrogen 
burns in oxygen to form water, the poten- 
tial valence of each element is fully real- 
ized. Hydrogen goes from an effective: val- 
ence of zero to plus one, thus its positive 
valence is increased, and it is therefore by 


definition oxidized. Oxygen goes from an 
effective valence of zero to minus two; its 
negative valence is increased (or one can 
think of the change as a decrease in posi- 
tive valence), and it is therefore by defini- 
tion reduced. 

The most common biological oxida- 
tion-reduction reactions are carried out by 
the transfer of pairs of hydrogen atoms 
from the substance being oxidized (the hy- 
drogen donor) to the substance being re- 
duced (the hydrogen aceeptor). The ulti- 
mate hydrogen acceptor is typically oxygen, 
although there may be several intermediate 
acceptors along the way. 

The capacity (in terms of energy) to 
do work is often referred to as free energy. 
The most important forms of free energy 
from a biological standpoint are the energy 
of molecular motion (measured as heat), 
and the energy which can be released in 
(or used to promote) oxidation-reduction 
reactions. Typically (and most importantly 
from the standpoint of plant physiology) 
the liberation of free energy involves the 
use of free oxygen and the breakdown of 
complex substances to simpler substances 
such as carbon dioxide and water, but some- 
times it involves other sorts of changes or 
the mere rearrangement of atoms within 
existing molecules. When a complex sub- 
stance is oxidized, its free energy may be 
released as chemical energy which can be 
used to promote oxidation-reduction reac- 
tions or other reactions that require energy, 
or it may be released as heat. ‘This simple 
description of the concept of free energy 1s 
adequate for our purposes, but it must be 
considerably refined in the study of chem- 
ical thermodynamics. 


FOODS 


Any chemical compound which can 
be broken down by living organisms with 
release of energy is called a food. Such a 
breakdown of food is always an oxidation- 
reduction reaction in which the food 1s 
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partly or completely oxidized. Complete 
oxidation of the food requires free oxygen, 
but a partial oxidation releasing some of 
the free (stored) energy can often be ac- 
complished by rearrangements which do 
not require any input of oxygen. 

Most foods synthesized by plants may 
be elassified into three general groups, 
carbohydrates, tats, and proteins. Typical 
fats and carbohydrates are composed 
wholly of carbon, hydrogen, and oxygen; 
proteins also contain nitrogen and usually 
one or more other elements (especially 
sulfur) as well. The simpler compounds 
from which foods are made, such as carbon 
dioxide, water, and various inorganic salts, 
are regarded as raw materials rather than 
as foods. 

In carbohydrates there are character- 
istically twice as many atoms of hydrogen 
per molecule as there are of oxygen. One 
of the commonest carbohydrates is glu- 
cose (also called dextrose, or corn sugar), 
a simple sugar having the formula 
CeHi20.¢. Glucose exists in two slightly 
differing forms, called a-glucose and 8-glu- 
cose. A suggested structural formula for 
a-glucose, which explains most but not all 
of its chemical properties, is given in F ig. 
2.1. 8-glucose apparently differs from a- 
glucose only in that the carbon atom at 
the farthest right, as in Fig. 2.1, has the 
OH above and the H below the plane of 
the ring. 

Glucose is called a hexose sugar be- 
cause it contains 6 carbon atoms. Some 
other hexose sugars, such as fructose (also 
called levulose) and mannose, also have 
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Fig. 2.1 Structural formula of e-glucose. The 
heavy line indicates the near side of the ring. 
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Fig. 2.2 Structural formula of a-glucose, shown 
in simplified form. This form is intended to con- 
vey exactly the same information as the form 
used in Fig. 2.1. 


the formula CgHy.0, but have the atoms 
somewhat diffcrently arranged. Pentose 
sugars, containing 5 rather than 6 carbon 
atoms, are also of frequent occurrence and 
have the general formula C;H Os. Simple 
sugars having 3, 4, or 7 carbon atoms are 
of less frequent occurrence. Any simple 
sugar, whether it has 3, 4, 5, 6, or 7 carbon 
atoms, may be called a monosaccharide. 

A disaccharide is a sugar formed by 
the combination of two similar or differ- 
ent monosaccharides, the combination oc- 
curring in such a way that a molecule of 
water, H.O, is released in the process. (It 
has been shown that watcr normally exists 
in aggregate molecules for which the for- 
mula is (H:O),; but for most purposes 
it is still customary and adequate to write 
the formula H:O.) One OH group from 
each of the two monosaccharides is affected 
in such a way that both of the hydro- 
gen atoms are combined with one of the 
oxygen atoms to form a molecule of free 
water, and the remaining oxygen atom is 
bonded to each of the two monosaccha- 
rides, linking them into a disaccharide. 
Without resorting to a structural diagram, 
a typical example of such a piocess may 
be written 2C HO. —— Cy2H 201, + 
HO. Under proper conditions, this re- 
action may be reversed, and 2 molecules 
of monosaccharide may be produced from 
l molecule of disaccharide, using up a 
molecule of water in the process. Many 
other chemical compounds may be broken 
down into simpler compounds in some- 
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what similar fashion, with water being 
used in the process. Such a chemical re- 
action is called hydrolysis. 

The commonest disaccharide is cane 
sugar, or sucrose, which is formed from 1 
molecule of glucose and 1 molecule of 
fructose, and which may be hydrolyzed to 
yield the original glucose and fructose 
molecules. Maltose is a disaccharide 
formed by the combination of 2 molecules 
of glucose. 

Polysaccharides are formed by the 
union of several or many monosaccharide 
molecules in the same way that two mono- 
saccharides are linked to form a disaccha- 
tide. Each such linkage results in the 
production of one molccule of water. A 
hexose polysaccharide may thus be thought 
of, in one way, as a series of CgHi9Os 
groups linked to an original CeH1206. No 
matter how many monosaccharide mole- 
cules are combined to make the poly: 
saccharide, the proportions of carbon, hy- 
drogen, and oxygen never quite reach that 
of CgHioOs (so far as our information 
indicatcs) because the complete polysac- 
charide molecule always contains two 
additional atoms of hydrogen and one 
additional atom of oxygen. A generalized 
formula of a hexose polysaccharide may 
therefore be written as (CgH19O05)n © H20. 
The n in the formula stands for any num- 
ber, and in many polysaccharides it 1s 
evidently a very high number, sometimes 
as much as 3,000 or even 10,000. T'wo very 
common hexose polysaccharides are starch, 
a reserve food which actually consists of a 
mixture of two different kinds of hexosc 
polysaccharide molecules, and cellulose, 
the principal constituent of the cell walls 
of most plants. The formation of complex 
molecules by the combination of a number 
of simpler molecules of the same or closely 
related kinds is called polymerization, and 
the resulting compounds arc called poly- 
mers. 


Some compounds which do not have 
exactly twice as many hydrogen atoms as 


oxygen atoms per molecule are still con- 
sidered to be carbohydrates because of 
their close general similarity to other carbo- 
hydrates; and indeed there is no inherent 
and precise division between the carbo- 
hydrates and other organic compounds. 

Fats differ from carbohydrates in the 
arrangement and proportion of atoms in 
the molecule, always having fewer oxygen 
atoms in relation to the number of hydro- 
gen atoms than do carbohydrates. They 
have a higher energy content per unit of 
weight than do carbohydrates, and more 
oxygen is required to oxidize or respire 
them. 

Fats arc formed by the chemical com- 
bination of glycerol (glycerin), a kind of 
alcohol, with certain kinds of organic 
compounds known as fatty acids. Glycerol 
has the following structure: 


H 


| 
HO—C—H 


HO—C—H 
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In the formation of a fat, 3 molecules 
of fatty acid (the same or different acids) 
are combined with 1 molecule of glycerin, 
and 3 molecules of water are released. If 
the convenient symbol R is used in each 
case to represent the majority of the 
structure of the fatty acid, the reaction 
may be shown as at the top of the next 
page. 

It will be seen that the chemical link- 
age of fatty acids to glycerin 1s accom- 
plished in similar fashion to the linkage 
of monosaccharide molecules to form a 
disaccharide. In each case the formerly 
separate molecules are linked by an atom 
of oxygen at a point where each of the 
separate molecules had carried an OH, and 
a molecule of water is formed in the proc- 
ess. As might therefore be cxpected, fats 
can be hydrolyzed to produce glycerol and 
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fatty acıds, just as polysaccharides can be 
hydrolyzed to form monosaccharides. 

Fats which are liquid at ordinary tem- 
peratures are frequently referred to as oils, 
but many substances called oils in general 
speech are of quite different ehemical 
nature. 

There are many compounds which, 
like fats, are insoluble in water but soluble 
in certain organic solvents such as aectone, 
ether, chloroform, and carbon tetrachlo- 
tide. These, together with fats, are known 
as lipids. A large proportion of the lipids 
are formed in part from fatty acids and 
thus have some chemical similarity to fats, 
but some others are quite different im 
structure. An important group of lipids 
contains phosphorus as well as fatty acids; 
these are known as phospholipids. Some 
other lipids have fatty acids in combina- 
tion with carbohydrates or with protein, 
thus breaking down the usual distinctions 
among these three types of foods. 

Proteins differ from carbohydrates and 
fats in that they always contain nitrogen. 
They usually also contain sulfur, fre- 
quently phosphorus, and sometimes other 
elements as well. Proteins can be hydro- 
lyzed to yield amino acids, which are 
organic acids having one or more amine, 
or NH, groups in place of hydrogen 
atoms. Most proteins are so complex that 
satisfactory structural formulas have not 
been produced for them, but the structure 
of the individual amino acids is known. 
The simplest amino acid, called glycine, 
or amino-acetic acid, has the following 
structure: 


Some other amino acids are much more 
complex. 

Protein molecules are usually very 
large, and many individual amino acid 
molecules go into the formation of each 
protein molecule. Twenty principal kinds 
of amino acids are involved, but not every 
protein molecule contains all of these 
kinds. The same twenty amino acids oceur 
regularly in the protcins of the vast major- 
ity of kinds of organisms, both plant and 
animal. The twenty: alanine, arginine, as- 
partic acid, cystine, glutamic acid, glycine, 
histidine, hydroxylysine, hydroxyproline, 
isoleucine, leucine, lysine, methionine, phe- 
nylalanine, proline, serine, threonine, tryp- 
tophan, tyrosine, valine. Some kinds of 
organisms also incorporate one or more 
other kinds of amino acids into some of 
their proteins, but we need go no further 
with these exceptions than to note that 
they exist. Plants also produce a consider- 
able number of amino acids which are not 
incorporated into protein but remain free 
in the cytoplasm. The function of these 
free amino acids, as they are called, is still 
unknown. 

There is an almost infinite number of 
different proteins, varying in the number 
and kinds of amino acids used, their ratios 
to each other, and their positions within 
the molecules. The amino acids which 
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make up a given protein may be linked to- 
gether in a single long chain, or in two or 
more chains with occasional chemical 
bonds (often involving sulfur) connecting 
the links of different chains. These poly- 
peptide chains are not straight, but are 
variously contorted into three-dimensional 
structures which are characteristic for each 
protein. The configuration of the molecule, 
which is apparently governed by the 
amino-acid sequence, is at least as import- 
ant as its amino-acid composition in de- 
termining its chemical activity. The deter- 
mination of the complete amino-acid se- 
quence of a protein, and the determination 
of the three-dimensional configuration of 
the polypeptide chain(s) are difficult and 
time-consuming processes which have as 
yet been completed for only a few proteins. 
The first complete determination of the 
sequence of amino acids in any protein 
was presented for insulin in 1953 by the 
British biochemist Frederick Sanger (1918- 

) and his associates. Insulin is a rela- 
tively small protein consisting of only 51 
amino acid units arranged in two chains. 

Proteins which are formed solely by 
the linkage of amino acids, and which thus 
yield only amino acids on hydrolysis, are 
called simple proteins. Proteins which yield 
one or more other compounds in addition 
to amino acids when hydrolyzed are called 
conjugated proteins. All or nearly all en- 
zymes which exist in plants and animals 
are proteins or occur in conjugation with 
proteins. Nearly all proteins, in turn, are 
enzymatic, although there is commonly a 
small proportion of non-enzymatic, struc- 
tural protein in cell walls. 


ENZYMES, COENZYMES, AND ATP 


Many chemical reactions between two 
substances occur whenever the two sub- 
stances are brought together in solution. 
Other chemical changes require the inter- 
cession of a third substance, which takes 


part in the reaction but is not used up by 
it. Such substances, which facilitate chem- 
ical reactions between other substances, are 
called catalysts. Most of the chemical re- 
actions characteristic of life depend on 
catalysts. Theoretically, a catalyst merely 
changes the speed of a chemical reaction, 
without causing anything which would not 
happen anyway at a slower speed. Practic- 
ally, many biological catalysts are so essen- 
tial to the reactions they govern that these 
reactions do not occur at any detectable 
rate without them. 

Most of the catalysts produced by 
living organisms are simple or conjugated 
proteins. The non-amino-acid part of the 
conjugated protein may be closely bound 
to the remainder of the molecule, as in the 
phycobilin pigments of certain algae, or 
more loosely bound and detachable, as in 
chlorophyll. In either case it is known as a 
prosthetic group. Both examples here given 
as prosthetic groups belong to the class of 
compounds known as porphyrins, but there 
are also many other kinds of prosthetic 
groups. A catalyst which is a simple or con- 
jugated protcin is called an enzyme. 

Finally, there is a group of biological 
catalysts which must cooperate with en- 
zyme proteins to produce their effect, but 
which are not themselves persistently at- 
tached to any particular protein. These 
catalysts, always consisting of molecules 
much smaller than proteins, are called co- 
enzymes. The compound known as NAD 
(for nicotinamide-adenine-dinucleotide), 
for example, is a coenzyme. In praetice 
there is often no clear line of division be- 
tween coenzymes and enzymes with loosely 
attached prosthetic groups, or between co- 
enzymes and substances such as various 
metallic ions which seem mcrely to pro- 
vide the proper milieu for the action of 
enzymes and coenzymes, but the categories 
are mentally convenient even though only 
arbitrarily limited. 

There may be on the order of 10,000 


different kinds of enzymes in a single cell, 
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totalling perhaps 500,000,000 molecules. 
Inasmuch as the structure of only a very 
few enzymes is known, it is impossible to 
classify them effectively according to their 
chemical constitution. Instead it is custom- 
ary to classify and name them according to 
their effect. The suffix -ase is attached to a 
word which indicates either the substrate 
or the kind of chemical change that is 
governed. ‘Thus all enzymes which govern 
hydrolysis (or the reverse change) may be 
called hydrolases. Hydrolases which act on 
carbohydrates are called carbohydrases; 
carbohydrases which act on very large car- 
bohydrate molecules (consisting of several 
or many monosaccharides) are called poly- 
saccharases; polysaccharases which act on 
starch and glycogen (but not on cellulose) 
are called amylases; and polysaccharases 
which act on cellulose (but not on starch 
or glycogen) are called eellulases. ‘These 
categories may be still further subdivided. 

Most enzymes appear to be more or 
less highly specific, governing a particular 
sort or set of related sorts of changes in one 
or a few particular sorts of molecules. Some 
kinds of maltase, for example, such as the 
one found in the fungus Aspergillus, gov- 
ern the hydrolysis of maltose (a disacchar- 
ide composed of two units of a-glucose) 
alone, being ineffective on other kinds of 
disaccharides and even on polysaccharides 
composed wholly of «glucose units (ie, 
a-glucosides.) Some other so-called mal- 
tases found in other organisms work on 
maltase or any other a-glucoside, and might 
more properly be called «-glucosidases. 
Lipases, which govern the hydrolysis of 
fats, are in general much less specific. Any 
of many lipases can apparently govern the 
hydrolysis of any of a wide range of fats. 
Some few enzymes are known to catalyze 
two or more totally unrelated reactions, but 
these are clearly the exception rather than 
the rulc. Enzyme specificity is, in effect, a 
measure of the structural specialization 
that an cnzyme requires in its substrate. 
All enzymes apparently require a consider- 
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able degree of such specialization, but some 
are more demanding than others. 

Many enzymcs catalyze a particular re- 
action in either direction according to the 
conditions, tending toward an equilibrium 
in which a certain percentage of the react- 
ants remains on each side of the equation. 
In thcory, all enzymatic reactions should 
be reversible, but here again there are 
practical factors which prevent the theory 
from being fully realized. Reactions which 
involve any significant change in free 
energy balances can generally be catalyzed 
only in the direction in which free energy 
is liberated, unless energy in the proper 
form is available. 

A great many of the necessary chem- 
ical reactions of protoplasm require the 
input of chemical energy. The standard 
carrier of this energy, in both plants and 
animals, is a coenzyme known as ATP, or 
adenosine triphosphate (Fig. 2.3). The tn- 
phosphate part of the name refers to the 
fact that the molecule carries three phos- 
phate (~H2PO3) groups as part of its 
structure. It readily gives up the third phos- 
phate group, forming ADP (adenosine di- 
phosphate) and phosphate ion. ‘The release 
ot this third phosphate group releases also 
a relatively large amount of energy, some 
of which can be transferred into energy- 
requiring reactions. The chernical bond by 
which this third phosphate group is at- 
tached to the ATP molecule is referred to 
as a high-energy bond. It is often repre- 
sented by the symbol ~, instcad of the 
simple -- used for ordinary bonds. 

In more formal thermodynamic terms, 
the high-energy bond linking the third 
phosphate group to ATP carries about 
10,000 calories per mole (gram molecular © 
weight). A calorie is the amount of energy 
required to raise the temperature of one 
gram (one cubic centimeter) of water by 
one degree centigrade, under specified con- 
ditions. (The student should note that the 
calories refcrred to by human nutritionists 
are properly kilocalories; each one has a 
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thousand of the calories here referred to.) 
In giving up its third phosphate group, 
ATP can provide the necessary chemical 
energy for a wide array of energy-requiring 
reactions in the protoplasm. The energy is 
in effect supplied in prepackaged units of 
a given size. If the reaction can be ener- 
gized by one such unit (the high energy 
bond), it can proceed; otherwise not. Any 
excess energy in this prepackaged unit, not 
required by the reaction being fostered, 1s 
lost as heat. The system therefore tends to 
run down, transforming a certain amount 
of energy into heat each time the high- 
energy phosphate bond is broken. 

ATP can be regenerated from ADP 
and phosphate ion by supplying the requi- 
site amount of encrgy in the proper way. 
As we shall see in subsequent chapters, 
ATP is generated in the process called 
photosynthesis, but most of this ATP is 
used immediately to provide energy necess- 
ary for the formation of carbohydrate. 
When the carbohydrate is subsequently 
broken down in the process called respira- 
tion, much of the stored energy is used to 
generate ATP from ADP and phosphate 
ion. Photosynthesis and respiration may 
collectively be considered as a way of gen- 
crating the ATP necessary for metabolic 
work. 

Energy from ATP is transmitted more 
or less directly into many metabolic pro- 
cesses, but it may also be transmitted 
through accessory carriers which also have 
high-energy phosphate bonds. Two such 





accessory Carriers are compounds known as 
uridine triphosphate (UTP) and guano- 
sine triphosphate (GTP). Under some 
circumstances ADP can break another 
high-energy phosphate bond, forming 
AMP (adenosine monophosphate) and 
liberating additional energy along with an- 
other phosphate ion. We shall sce that 
certain protoplasmic reactions can also be 
energized by coenzymes known as NAD 
and NADP. 


RADIANT ENERGY, THE SPECTRUM, 
AND PIGMENTS 


Radiant energy is energy which can 
be transmitted through space in a form 
that can be compared to waves. Wave- 
lengths of radiant energy range from a low 
of less than .0001 millimicrons for cosmic 
rays, to a high of 1 kilometer or even more, 
for some electric waves. Various sorts of 
radiant energy are commonly referred to as 
rays, €g., X rays, ultraviolet rays, light rays, 
etc. The nature of radiant energy is not 
fully understood, and some of its aspects 
are better rationalized by treating it as 
particles instcad of waves. 


The energy which reaches the earth's 
surface as solar radiation varies in wave- 
length from about 300 to about 2600 milli- 
microns. Wavelengths from about 390 to 
about 750 millimicrons make up the visible 
spectrum. The color of light varies accord- 
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ing to its wavelength. The shortest visible 
rays are violet, and the longest are red, the 
series running from violet to blue, blue- 
green, green, yellow, orange, and red. 
White light, such as sunlight, has a mix- 
ture of all of these wavelengths. Under 
ordinary conditions about 40 percent of the 
radiant energy which reaches the earth’s 
surface is in the visible spectrum. Solar 
wavelengths too short to be seen are called 
ultraviolet, and those too long to be seen 
are called infrared. The major part of the 
spectrum of radiant energy is shown in 
Pigg 2: 

Radiant energy, of whatcver wave- 
length, seems to be delivered in particles 
of finite (though very small) size. These 
ultimate, indivisible units of radiant energy 
are called quanta (singular: quantum). 
The amount of energy per quantum varies 
inversely with the wave length: the longer 
the wave length, the less energy per quan- 
tum. A quantum of light is called a 
photon. 

All substances absorb and reflect (or 
transmit) light differentially, absorbing 
more quanta of some wavelengths than of 
others. Substances with markedly differ- 
ential light-absorbing properties are called 
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pigments, especially if they occur in rela- 
tively small amounts in another substance 
or body whose color they affect. Chloro- 
phyll, carotene, and anthocyanin are some 
familiar plant pigments. Some plant pig- 
ments, such as cytochrome, generally occur 
in such small amounts as to escape the eye. 
The absorption of light by a pigment may 
be directly related to its function in the 
protoplast, as is true of chlorophyll and 
carotene, or it may have no functional im- 
portance, as appears to be true of antho- 
cyanin and cytochrome. (Anthocyanin in 
flowcrs attracts insect visitors, but that is 
another mattcr. ) 

It is often useful to consider the light- 
absorbing capacity of a pigment in terms 
of an absorption spectrum. This is com- 
monly shown as a simple graph, with the 
wavelength of light on the horizontal axis, 
and the amount of absorption on the 
vertical axis. There are diverse ways of 
measuring the amount of absorption, but 
the methods and units of measuremcnt are 
immaterial for our purposes. Given a 
method and a unit of measurement, the 
important thing is the difference at differ- 
ent wavelengths. The absorption spectrum 
of B-carotene is shown in Fig. 2.5. 
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Fig. 2.4 The spectrum of radiant energy; figures represent millimicrons (nm). 
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Fig. 2.5 Absorption spectrum of B-carotene. 


SOME PHYSICAL AND CHEMICAL BACKGROUND 23 


SUGGESTED READING Changeux, J.-P., The control of biochemical 
reactions, Sct. Amer. 212 (4) :36—45. April, 
Astin, Allen V., The standards of measure- 1965. 
ment, Sci. Amer. 218 (6):50-62. June, Lambert, Joseph B., The shapes of organic 
1968. molecules, Sci. Amer. 222 (1):58-70. 
Bradbury, Savile, The evolution of the micro- January, 1970. 


scope, Pergamon Press, New York, 1967. 





THE STRUCTURE 
AND FUNCTION ) 


OF CELLS 


Young cell of root tip of corn. (X about 5000.) (Electron micrograph courtesy of 
W. Gordon Whaley.) 
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HISTORICAL BACKGROUND 


We have noted that a development 
in one field of science may be necessary to 
further advancement in some other field of 
science, The invention of the compound 
microscope in 1590 by Zacharias Jansen, a 
spectacle maker of Middelburg, Nether- 
lands, was one of the most important 
events in the history of biology. It had 
long been known that a double-convex 
lens forms an enlarged visual image, but 
only a few diameters magnification could 
be obtained from most such lenses. Jansen 
found that by using two lenses, properly 
spaced, the magnified image produced by 
the first lens was again magnified by the 
second. His own microscopes were rela- 
tively crude, but they demonstrated the 
principle which enabled subsequent 
workers to make much more useful instru- 
ments. 

The nature of light imposes practical 
limits to the magnification which can be 
obtained with a microscope of the type 
invented by Jansen. With ordinary pres- 
ent-day equipment this is a little more 
than 1000 diameters, and the most spe- 
cialized accessory equipment does not ex- 
tend the profitable range of magnification 
to more than about 3000 diameters. The 
resolving power of the microscope, that is, 
its ability to produce distinct images of 
objects which are close together, is in- 
herently limited by the wavelength of 
light. For practical purposes, structures less 
than about 200 millimicrons in diameter 
cannot be distinguished with microscopes 
using visible light. Of course, this is still 
much better than the unaided human eye, 
which generally cannot distinguish objects 
less than about 80 (exceptionally down to 
about 25) microns in diameter. 

If a beam of electrons, instead of a 
beam of light, is thrown on the object to 
be examined, then with proper apparatus 
an image can be obtained which is profit- 
ably enlargeable to 1,000,000 diameters or 


more, with a resolving power now down to 
about 3 A. The essential principle was dis- 
covered by a German physicist (Hans 
Busch) in 1924, and the electron micro- 
scope was developed during the 1930's. 
The design was much improved during the 
late 1930’s and the 1940’s by the Radio 
Corporation of America, and the instru- 
ment is now coming into general scientific 
use (Fig. 3.1). It has obvious advantages 
over conventional microscopes in the much 
greater magnifications which can be ob- 
tained, but manipulation and maintenance 
require considerable skill. It cannot be 
used on living material, since it operates in 
a vaeuum, and the beam of electrons 
would in any case kill the object examined. 

One of the first microscopists was 
Anton van Leeuwenhoek (1632-1723), a 
dry-goods merchant, and later custodian 





Fig. 3.1 An electron microscope. (Courtesy of 
the Radio Corporation of America.) 
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of the city hall in Delft, Netherlands. He 
used a simple rather than a compound mi- 
croscope (Fig. 3.2), but he ground his lenses 
far more carefully than did any of his con- 
temporaries. One of his instruments, pre- 
served at Utrecht, magnifies about 280 
diameters, which is extraordinarily good 
for a single lens, even by modern stand- 
ards. He was probably the first man to 
observe bacteria, yeasts, and protozoa, 
among other things. Many of his observa- 
tions became known through his long cor- 
respondence with the British Royal So- 
ciety. 

Robert Hooke (1635-1703), a versa- 
tile British physicist, mathematieian, and 
architect, devoted some time to improving 
and using the compound microscope (Fig. 
3.3). His Micrographia (Fig. 3.4), pub- 
lished in 1665, included a description and 
illustration of the structure of cork. He 
introduced the term cell for the minute 
cavities into which the cork was regularly 
partitioned. 

Subsequent investigators found that 
other parts of plants, and of animals as 
well, were also divided into cells. The Ger- 
man botanist Matthias Schleiden (1804- 
1881) and his zoologist friend Theodor 
Schwann (1810-1882) were impressed by 
the essential similarity of the structure of 


Fig. 3.2 Three Leeuwenhoek 
microscopes, showing front, 
back, and side views. The 
lens is mounted in the small 
opening in the plate. The 
position of the needle point, 
which holds the object to 
be examined, is adjusted by 
the controls shown in the 
side and back views. (Slightly 
less than natural size.) (Copy- 
right by Rijksmuseum voor 
de Geschiedenis der Natuur- 
wetenschappen, Leiden.) 





Fig. 3.3 A microscope used by Robert Hooke. 
(Courtesy of the Medical Museum of the Armed 
Forces Institute of Pathology.) 


plant and animal tissues, and together they 
formulated, in 1838, the concept that all 
tissues, and indeed all organisms, are com- 
posed of cells. We now know that very 
small organisms often consist of but a 
single cell and that some kinds of organ- 
isms, notably many fungi, are not divided 
into separate cells; but their idea was basi- 
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MICROGRAPHIA. 115 
of other Vegetables to do to their bulk. But of thefe pores Ihave faid 


more elfewhere. 


To proceed then, Cork feems to be by the tranfverfe conftitution of 
Fema oi Rober the pores, a kind of Fuxgw or Mufhrome, for the pores lie like fo many 


Hooke’s Micrographia. 


Rays tending from the center, or pith of the tree, outwards; fo that if 
you cut off a piece from a board of Cerk tranfverfly, to the flat of it, 


you will, as it were, fplit the pores, and they will appear juft as they are 
exprefs'd in the Figure B of the XI. Scheme. But if you fhave off a 
very thin piece from this board, parallel to the plain of it, you will cut 
ali the pores tranfverfly, and they will appear almoft as they are exprefs’d 
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cally sound, and the cell theory, as it is 
called, is now one of the fundamental 
concepts of biology. 

The cork cells observed by Hooke had 
no living contents, because cork cells die 
on reaching maturity and their protoplasm 
disintegrates. Even when living cells were 
studied, however, early obscrvers appar- 
ently failed to recognize their protoplas- 
mic contents, and such works as the Anat- 
omy of Plants, published in 1675 by the 
Italian professor of medicine, Marcello 
Malpighi (1628-1694), are concerned en- 
tirely with cell walls rather than cell con- 
tents. 

The first clear recognition of the liv- 
ing contents of a cell may have been made 
by the Italian botanist Bonaventuri Corti 
(1729-1813), who in 1772 observed proto- 
plasmic streaming in the cells of Chara, 





an alga. In 1833 the Scottish botanist 
Robert Brown (1773-1858) described the 
nucleus as a regular component of living 
cells, but he did not understand its signif- 
cance. The French zoologist Felix Dujar- 
din (1801-1860) proposed the term sar- 
code in 1835 for the living substance of the 
cells of some simple animals which he was 
studying, but his term was not generally 
adopted. The Czech zoologist Johannes 
Purkinje (1787-1869) used the term proto- 
plasm in 1840 for the formative substance 
of young animal embryos, and in 1846 the 
German botanist Hugo von Mohl (1805- 
1872) applied this same term to the living 
contents of plant cells. The German bot- 
anist Ferdinand Cohn (1828-1898) sug- 
gested in 1850 that the protoplasm of 
plant and animal cells is essentially simi- 
lar. In 1861 the Gcrman zoologist Max 


28 INTRODUCTORY BOTANY 


Schultze (1825-1884) set forth the doc- 
trine (the protoplasm doctrine) that each 
unit of organization of living things con- 
sists of a mass of protoplasm, including a 
nucleus. Such an organized unit of proto- 
plasm is now called a protoplast. 

The role of the cell nucleus as the 
“vehicle of heredity” was tentatively sug- 
gested by the German naturalist and phi- 
losopher, Ernst Haeckel (1834-1919) in 
1866. The soundness of Haeckel’s specu- 
lation was independently and almost si- 
multaneously confirmed by four other 
Germans—three zoologists and one botan- 
ist—in 1884-1885. 

The concept of the cell has thus 
changed considerably from Robert Hooke’s 
cavitics surrounded by walls. Now we 
think of a cell as a protoplast which (in 
plants) 1s surrounded by a wall, or, in dead 
fisstics or cells as the wallmitseli The 
empty space enclosed by the wall of a 
dead cell is now called the lumen and is 
of little scientific interest. 

The reader should understand that 
any historical summary, such as the one 
here presented, is oversimplified and to 
that extent possibly misleading. Scientific 
concepts spring from diverse sources and 
depend on the accumulation of facts and 
ideas produced by many different workers. 
Often the man who gets the credit for a 
major advance is the one who puts the last 
brick into place, or who marshalls the 
evidence for an idea that has been floating 
around for some time without proof. 
When the time is ripe for a new idea or 
interpretation, if one person does not think 
of it, another soon will, and it is often 
diffcult to apportion the credit properly. 
In this book we mention names and dates 
more to enable the student to understand 
the nature of scientific progress than to 
honor the memory of particular scientists. 
Some names would be the same in any 
useful historical summary, but others 
would be changed by a difference in 
emphasis or approach. 
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STRUCTURE OF CELLS 


GENERAL STRUCTURE 


Cells are extremely varied in size and 
shape and often have specialized functions 
related to these differences. Some bacteria 
are only about 200 millimicrons in diam- 
eter, which is barely large enough to be 
observed with the most powerful conven- 
tional microscopes. The cells which make 
up the juice sacs of citrus fruits are among 
the larger plant cells. The slender fiber 
cells of some plants are as much as 50 cm 
long, and nerve cells in some of the higher 
animals may reach a length of more than 
1 meter. ‘The largest cclls of all, in terms 
of volume, are the yolks of the eggs of 
some of the larger birds, such as the 
ostrich. Most cells are so small as to be 
barely if at all visible to the naked eye, 
but large enough to be studied in fair 
detail under microscopes giving 100-400 
diameters magnification. 

Although cells are typically very small 





Fig. 3.5 Matthias Schleiden (1804-1881), German 
botanist who with Theodor Schwann proposed 
the cell theory. 


in terms of human eyesight, they are very 
large in terms of molecular capacity. It has 
been estimated that an ordinary plant cell 
of the type called parenchyma contains 
about 100,000,000 protein moleeules, a 
figure that may be expressed as 108. For 
every protein molecule in such a cell, there 
may be about 108 or 10° molecules of 
water. Great numbers of molecules of 
other kinds are also present in any living 
cell. A large tree may have as many as 10" 
cells, but a great many of these cells are 
dead, without living contents. 

The size of cells is restricted by the 
ratio of their surface area to volume. The 
need of cells for nutrients, for respiratory 
exchange of gases, etc., tends to be pro- 
portional to their volume, i.e., to the cube 
of the radius in a spherical cell. The ability 
of the cell to take in nutrients and ex- 
change gases tends to be proportional to 
its surface area, i.e., to the square of the 
radius in a spherical cell. Increase in cell 
size above ordinary measurements soon 
results in a disparity between the needs 
and the means of obtaining the supplies, 
and the size of cells is thus limited. Plant 
cells can partially avoid this restriction by 
growth in length without any increase in 
diameter, or by having a highly vacuolated 
protoplast (see below), so that increase in 
cell volume does not cause a commen- 
surate increase in the amount of proto- 
plasm. It should not be surprising that 
there is an inverse rough correlation be- 
tween the size of a cell and its rate of 
metabolic activity: The larger the cell, the 
more sluggish its life processes. 

A plant cell characteristically consists 
of (1) a protoplast which encloses (2) a 
central vacuole and is enclosed by (3) a 
cell wall. The central vacuole is not empty 
but contains the cell sap. The protoplast 1s 
the living part of the cell. It consists of 
a complex mixture of proteins, lipids, and 
other substances in colloidal suspension, 
plus some materials in true solution. It 1s 
usually divisible into two parts: (1) a mass 
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Fig. 3.6 A typical plant cell, much enlarged; 
chr., chromatin; cp., chloroplast; cr., crystal; 
e.r., endoplasmic reticulum; lp., leucoplast; mit., 
mitochondrion; m4., middle lamella; n.m., nu- 
clear membrane; no., nucleolus; p.m., plasma 
membrane; v.m., vacuolar membrane. For pur- 
poses of illustration the plasma membrane is 
shown slightly removed from the cell wall, in- 
stead of closely appressed to the wall as it would 
be in a normal cell. 


of cytoplasm, in which is embedded (2) a 
distinctive body called the nucleus. Both 
the cytoplasm and the nucleus contain dis- 
tinctive organelles which can be recog- 
nized with conventional microscopes, as 
well as smaller organized particles which 
can be detected only by careful electron 
microscopy. Commonly 75-90 percent of 
the cell, by weight, consists of water. In 
some kinds of cells, the proportion of 
water even exceeds 95 percent. In terms 
of volume, a typical plant cell consists of a 
bit more than 90 percent vacuole, less than 
5 percent protoplasm, and about 5 percent 
cell wall. 
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Prokaryotic cells, characteristic of the 
bacteria and blue-green algae, have a less 
complex organization than the eukaryotic 
cells found in other plants and animals. Ex- 
cept where specifically indicated, our dis- 
cussion here is based on eukaryotic plant 
eelis. 


Tue CELL WALL 


The cell wall is ordinarily composed of 
one or two layers. The thin outer layer 1s 
called the primary wall. The thicker inner 
layer, when present, is formed after the 
outer layer and is called the secondary 
wall. Both the primary and the secondary 
walls are usually composed largely of cellu- 
lose, a complex polysaccharide which can 
be broken down into -glucose by hy- 
drolysis. It typically forms the framework, 
about or around which the other wall sub- 
stances are deposited. 

The chemical formula of cellulose can 
be written (CgH00;). © H2O. The num- 
ber represented by n in the formula is not 
constant; there are many different kinds of 
cellulose, with differing values of n, in 
different kinds of plants. Usually the num- 
ber represented by n is between 1000 and 
3000, or possibly up to 10,000. The £- 
glucose units (residues) which make up 
the cellulose molecule are apparently 
linked together in a long, simple, un- 
branched chain. The chains are organized 
into groups to form slender cellulose rods 
or ribbons called microfibrils. Each micro- 
fibril is on the order of 80-300 A wide, well 
below the resolving power of conventional 
microscopes. The inicrofibril itself has a 
complex internal organization, consisting 
partly of dense, crystalline subrods called 
micelles, and partly of seemingly un- 
ordered molecular chains. The individual 
cellulose chains are longer than the crystal- 
line micelles, and one chain may ‘pass 
through several consecutive micelles with- 
in its microfibml. 

The cellulose microfibrils, which make 
up the principal component of the cell 


4 


wall, form an irregular latticework, with 
many small openings and scattered larger 
ones (Fig. 3.7). Often the microfibrils are 
further grouped into macrofibrils which 
measure as much as 0.5 micron in diameter 
and can readily be seen with conventional 
microscopes. 

The capillary spaces among the cellu- 
lose microfibrils of the wall are commonly 
filled by other substances, notably cellu- 
losans and pectic substances. Cellulosans, 
or pentosans, are polysaccharides that dif- 
fer from cellulose in that they are formed 
of pentose sugars rather than of glucose, 
which is a hexose sugar. Pectin and some 
other compounds, collectively called pectic 
substances, are polymers of either pentoses 
or hexoses or both, and they further differ 
chemically from cellulose in that some or 
all of the simpler molecules obtained by 

H 


| 
a 


H 
group of glucose replaced by a —COOH 
group. This feature makes pectic sub- 
stances hydrophilic, and it also permits 
them to combine with metals such as cal- 
cium or magnesium. It is the hydrophilic 
property of pectin that makes it useful in 
the manufacture of jams and jellies. Pectic 
substances are amorphous, having no ap- 
parent structure even in electron micro- 
scopic preparations. 

The cellulosans, pectic substances, and 
some other compounds related to pectic 
substances have certain properties in com- 
mon and are often collectively referred to 
as hemicelluloses. It is not always easy to 
determine to which of the subcategories a 
particular hemicellulose belongs. Hemicell- 
uloses are in general more readily soluble 
than cellulose, and indeed one definition of 
hemicelluloses is that they are polysac- 
charides which are extractable with 17.5 
percent NaOH. 

In addition to occurring with cellulose 
in cell walls, pectic substanccs commonly 
form a thin layer, called the middle 
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Fig. 3.7 Electron micrograph of cell wall in the root tip of an onion, showing loosely 
interwoven micelles of cellulose, with scattered openings of various sizes. Remains of 
plasmodesmata can be seen here and there as white blobs. This cell has a primary wall 
but no secondary wall. (X34,000.) (Courtesy of Flora Murray Scott.) + 


lamella, which holds adjacent cells to- 
gether and is not regarded as part of the 
wall of either eell. The middle lamella be- 
tween young cells is composed largely of 
pectin, which is soft and jelly-hke. As the 
cells mature, much of the pectin is com- 
monly changed to calcium pectate and 
magnesium pectate, forming a much 
harder cement which holds the cells firmly 
together. 

The walls of many cells, particularly 
those of wood, also contain considerable 
amounts of lignin. Lignin is a high poly- 
mer of several compounds derived from 
phenyl propane (Fig. 3.8). It consists 
wholly of carbon, hydrogen, and oxygen, 
but unlike cellulose and hemicellulose it is 
not of carbohydrate nature. Polymerization 
to form lignin occurs in all directions of 
space, rather than in linear fashion that 
would form simple chains as in cellulose. 
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Fig. 3.8 Structure of phenyl propane. 


When lignin is produced it ordinarily in- 
filtrates in succession the middle lamella, 
the primary wall, and the secondary wall. 
The cell wall is then said to be lignified. 
Lignification increases the firmness, hard- 
ness, and strength of the wall. 

A small amount of structural (1e., 
non-cnzymatic) protein is generally incorp- 
orated into cell walls. The wall is generally 
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also saturated with water. Still other sub- 
stances such as silica, cutin, suberin, and 
various sorts of waxes, tannins, gums, and 
mucilages occur in the cell walls of some 
kinds of plants. 


Tue CENTRAL VACUOLE 


The protoplast commonly occupies es- 
sentially the whole space enclosed by the 
cell wall in young cells, often with scat- 
tered small vacuoles. In mature plant cells, 
however, the protoplast usually forms a 
thin layer, just within the eell wall, which 
encloses a large central vacuole. The 
vacuole commonly constitutes about 90 
percent of the volume of the cell, or even 
more. The material contained in the vacu- 
ole is called the cell sap. It consists of 
water, with a variety of other substances in 
true and colloidal solution, and it often 
also contains small crystals of various sorts. 
Because of its colloids, the cell sap is 
usually slightly viscous. ‘Thin strands of 
cytoplasm often traverse the vacuole. 

The central vacuole is usually regarded 
as a nonliving inclusion of the cell, just as 
the wall is customarily regarded as a non- 
living boundary to the cell. That view is 
merely a convenient simplification which 
should not be taken too literally. As we 
have noted, no one constituent of a living 
eell is alive when considered by itself. It is 
true that in general the contents of the 
vacuole do not appear to be in a state of 
chemical activity, as are the constituents 
of the protoplast proper, and indeed some 
of the vacuolar constituents are simply 
waste products. On the other hand, there 
is some transfer of materials back and 
forth between the vacuole and the cyto- 
plasm, and some food reserves, in particu- 
lar, which are stored in the central vacuole 
of some cells can be reincorporated into 
the cytoplasm. Furthermore, the central 
vacuole is necessary, in those cells which 
have it, for the normal functioning of the 
protoplast, and circumstances which cause 
the withdrawal of water from the vacuole 
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lead to reduction of protoplasmic activity 
and eventually (if prolonged and severe) 
to death. 

Some kinds of pigments which give a 
characteristic color to certain plant parts 
occur in vacuoles, although other pigments 
are borne in the cytoplasm. Notable among 
the dissolved pigments in the vacuoles of 
some cells, especially of higher plants, are 
the anthocyanins (Fig. 3.9). These range 
in color from blue or violet to purple or 
crimson, and they are responsible for the 
colors of many flowers and other plant 
parts. The anthocyanins, together with the 
anthoxanthins ( a chemically related group 
of pigments which range from pale yellow 
to yellow, orange, or orange-red) are called 
flavonoid pigments. Aside from their func- 
tion as flower pigments, the function of 
flavonoids is as yet not clear. A high sugar 
content in the vacuole favors the formation 
of anthocyanin, but that fact tells us noth- 
ing about the role of anthocyanin in the 
economy of the plant. 


THe CYTOPLASM 


The cytoplasm of a typical plant cell 
consists of a relatively clear, more or less 
viscous fluid (the hyaloplasm), an endo- 
plasmic reticulum, and certain specialized 
bodies (organelles), notably plastids, mit- 
ochondria, Golgi bodies, and ribosomes. It 
may also contain tiny droplets, granules, 
and vacuoles, which are chemically rela- 
tively inactive and are therefore custom- 


Delphinidin 
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Fig. 3.9 Structure of delphinidin, a typical 
anthocyanin. 


arily regarded as nonliving inclusions rather 
than as part of the living cytoplasm. The 
organelles and nonliving inclusions in the 
hyaloplasm give the cytoplasm a granular 
appearance under microscopic examination 
in life. The hyaloplasm is often referred to 
as the soluble part of the cytoplasm, in 
contrast to the organelles and nonliving 
inclusions. 

The cytoplasm is bounded externally 
by a plasma membrane (plasmalemma) 
and internally by a vacuolar membrane 
(tonoplast). Normal, healthy cells are 
ordinarily in a state of turgor (seemingly 
overfilled), so that the cytoplasm is 
pressed closely against the cell wall. In 
multicellular plants the cytoplasm is com- 
monly continuous through numerous tiny 
holes in the cell wall. These conneeting 
strands of cytoplasm are called plasmo- 
desmata (Fig. 3.10). 

The cytoplasm of a typical cell is in 
constant motion. Most often the hyalo- 
plasm seems to stream around and around, 
carrying the organelles with it. Even the 
nueleus may be caught up in the stream, 
though it generally moves at a slower rate. 
This streaming motion of the cytoplasm 
is called cyclosis. Some parts of the cyto- 
plasm may move at a rate as high as 20 
microns per second, while adjacent parts 
may be still or even move in a contrary 
direction. In mature plant cells there are 
often as many as three layers of cytoplasm, 
with the outermost, gel-like layer moving 
the least, and the innermost, more liquid 
layer moving the most. The mechanism 
and significance of cyclosis are still matters 
of controversy and scarcely understood. It 
does secm likely that the resultant mixing 
facilitates proper metabolism. Cyclosis 
appears to depend at least partly on ATP 
as the source of energy. 

The plasma membrane is commonly 
70-100 A thick. Its existence as a discrete 
membrane rather than as a strictly surface- 
tension phenomenon was demonstrated by 
the American plant physiologist William 
Seifriz (1888-1955), who by careful micro- 
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between two young cells of tomato root tip, 
showing scattered plasmodesmata. (X about 
11,000.) (Electron micrograph courtesy of T. E. 
Jensen.) 


manipulation was able to separate portions 
of the plasma membrane from the underly- 
ing cytoplasm in the cells of some plants. 
On the basis of electron microscopic ob- 
servations plus experimental studies and 
theoretical biochemical considerations it 1s 
now believed that the plasma membrane 
consists of a double-molecular layer of lipid 
(possibly phospholipid) sandwiched be- 
tween a single-molecular layer of protein 
on each side. Both the lipid and the pro- 
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tein fractions of the membrane are of 
course permeated with water. The lipid 
fraction may indeed form a reversible lipid- 
in-water or water-in-lipid emulsion. It has 
become customary to call a membrane of 
this relatively simple sandwich type a unit 
membrane. The elasticity and resilience of 
the plasma membrane are probably con- 
tributed by its protein component. 

It is further believed that the plasma 
membrane has numerous very tiny open- 
ings, so that it might be compared to an 
ultramicroscopic sieve. According to this 
viewpoint some of the smaller molecules 
and ions in solution can enter or leave the 
protoplast by passing through the openings 
in the plasma membrane, whereas the 
larger ones can pass only by becoming dis- 
solved in the material of the plasma mem- 
brane or by reacting chemically with it. 

The membrane (vacuolar membrane, 
or tonoplast) separating the cytoplasm 
from the central vacuole is essentially 
similar to the plasma membrane, perhaps 
with a larger proportion of lipid. Some sub- 
stances which pass freely through the 
plasma membrane are restrained by the 
vacuolar membrane, and vice versa. Each 
of the many smaller vacuoles which may 
be scattered through the cytoplasm is also 
bounded by a membrane of similar struc- 
ture. 

The endoplasmic reticulum (Fig. 
3.11) is a set of irregularly joined and per- 
forated membranes which permeate the 
cytoplasm and appear in ultramicroscopic 
section to form a loose network. It is said 
to be lamellar in structure; i.e., it consists 
mainly of thin plates, or lamellae, rather 
than filaments or threads. In contrast to 
the plasma membrane and vacuolar mem- 
brane, each of which consists of a “unit 
membrane,” the endoplasmic reticulum is 
clearly a double membrane, composed of 
two discrete unit membranes, each about 
80 A thick. The two unit-membranes are 
commonly separated by a liquid-filled 
region often about twice as thick as one of 


the unit membranes. The double mem- 
brane of the endoplasmic reticulum com- 
pletely encloses the liquid within, appar- 
ently without open-ended connections to 
the soluble part of the cytoplasm. Any 
material which passes from inside to out- 
side, or vice versa, apparently must pass 
through one of the two unit-membranes. 

The nature of the endoplasmic reticu- 
lum (often abbreviated ER) is not yet 
completely understood, and indeed its very 
existence was unsuspected until about 
1950, when cytologists began to make ex- 
tensive use of the electron microscope. It 
is evidently continuous at intervals with 
the outer layer of the nuclear membrane, 
but the functional significance of the con- 
nection is still doubtful. It is difficult to 
reconcile the free movement of organelles 
in cyclosis with the existence of a physic- 
ally stable ER that is continuous with the 
nuclear mcmbrane, and this difficulty has 
given rise to the thought that the ER may 
be physically unstable, constantly changing 
in form and position, but always retaining 
the structure of an irregularly perforated 
double membrane. The changes in form 
and structure in a mass of soap bubbles 
provide a useful comparison. The problem 
remains to be resolved. 

The cytoplasm of eukaryotic plants 
contains a number of specialized, differen- 
tiated bodies called plastids. (Plastids are 
in general absent from animal cells.) 
Colorless plastids are called leucoplasts, 
green plastids are called chloroplasts, and 
colored plastids other than chloroplasts are 
called chromoplasts. Since a chromoplast 
is, literally, a colored plastid, a chloroplast 
could be considered as one type of chromo- 
plast, but because chloroplasts are so differ- 
ent from othcr chromoplasts it is custom- 
ary and convenient to discuss them separ- 
rately. Plastids are highly varied in form 
but most commonly shaped like a double- 
convex lens, a disk, or a sphere. They are 
bounded by a double membrane which 
appears to be structurally rather similar 
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Fig. 3.11 Electron micrograph of part of a young cell of a corn root. (X 11,000.) (Courtesy 


of W. Gordon Whaley.) 


(although certainly not identical in dctail ) 
to the endoplasmic reticulum and nuclear 
membrane. 

Plastids of seed plants generally de- 
velop from smaller precursors called pro- 
plastids. These are colorless, self-reproduc- 
ing bodies which have a continuous iden- 
tity distinct from the rest of the cytoplasm. 
The dctails of their reproduction are still 
obscure, but it appears that they merely 
pinch in two. It is doubtless significant that 
they contain a small amount of DNA 
(deoxyribonucleic acid), which as we shall 
see is a critical nuclcar component that un- 
der proper circumstances undergoes self- 
replication. Proplastids are commonly of 
undistinguished or amoeboid shape and are 
usually somewhat less than 1 micron thick, 


often in the range of 0.4-0.9 mierons, but 
their possible precursors as seen in electron 
microscopic preparations may be as small 
as 200 A (0.02 micron). At this stage these 
possible precursors of plastids cannot be 
distinguished (by present techniques) from 
possible precursors of mitochondria (dis- 
cussed below), although it is presumed for 
theoretical reasons that the distinction 
must in fact exist. 

In most of the algae proplastids are ap- 
parently absent, and the mature plastids 
reproduce by division. Many of the bryo- 
phytes and vascular cryptogams are more 
or less intermediate between the algae and 
the seed plants in plastid ontogeny, having 
one or several relatively large proplastids. 
In any case, plastids of all kinds of plants 
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apparently arise only by division of previ- 
ously evisting plastids or proplastids. ‘They 
do not arise de novo in the cytoplasm. 

Chloroplasts are characterized by the 
presence of a green pigment, chlorophyll. 
In the living cell chlorophyll and some as- 
sociated pigments occur in conjugation 
with proteins (as the prosthetic groups of 
enzymes), but they can be extracted from 
dead cells without the protein, As ex- 
tracted, chlorophyll of higher plants ( Em- 
bryobionta) commonly exists in two slightly 
differing forms, called chlorophyll a (Fig. 
3.12) and chlorophyll b. The formula for 
extractcd chlorophyll a is CssH72N40;Mg; 
chlorophyll b differs in that it has one 
more atom of oxygen and two fewer of hy- 
drogen. Still other variants of chlorophyll 
occur among some of the algae and bac- 
teria. 

The Mg in the formula for chlorophyll 
stands for magnesium. The core of the 
chlorophyll molecule consists of one atom 
of magnesium, surrounded by four nitrogen 
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atoms, to which are attached rings and 
chains of carbon, hydrogen, and oxygen. 
A more complex but chemica!ly more 
useful and accurate way to consider the 
structure of chlorophyll is to start with a 
pyrrole, which is a ring of four earbon 
atoms and one nitrogen atom. Four pyr- 
roles chemically linked together form a 
tetrapyrrole. When a tetrapyrrole itself 
forms a closcd ring the substanee is a por- 
phyrin. A metallo-porphyrin has a metallic 
atom in the center. Chlorophyll is a met- 
allo-porphyrin which contains magnesium. 
Porphyrins are the most ubiquitous 
reactive parts of enzymes in general. The 
heme part of the well known enzyme 
hemoglobin, which occurs in red blood 
cells of animals and is essential for respira- 
tion, is an iron porphyrin. We shall see 
that iron porphyrins are basic to respiration 
in plants as well as animals. Iron is also 
used, in some way as yet not fully under- 
stood, in the formation of chlorophyll, but 
it is not present in chlorophyll itself. Ac- 
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Fig. 3.12 Structural formula of chlorophyll a, the porphyrin head at the right, the phytol 


tail at the left. 


cording to recent phylogenetic speculation, 
the first significant metallo-porphyrins were 
iron porphyrins active in anaerobic respira- 
tion, and the first magnesium porphyrin 
was the result of a metabolic accident—an 
accident which prepared the way for the 
evolution of higher forms of life. 

Chlorophyll is always accompanied by 
one or more associated pigments which are 
not green. In the higher plants ( Embryo- 
bionta), two yellow pigments, carotene 
and xanthophyll, are customarily associ- 
ated with chlorophyll, but their presence 
is masked by the more abundant chloro- 
phyll. Carotene is the name for several 
closely allied compounds, all having the 
formula Cy Hs5., but differing slightly in 
the arrangement of atoms in the molecule 
(Fig. 3.13). The xanthophylls differ from 
carotene by having one or several atoms of 
oxygen in the molecule; a common xantho- 
phyll has the formula C4oHs602. Carotene, 
xanthophyll, and some other mostly yellow 
to red or brownish pigments have in com- 
mon certain structural and chemical fea- 
tures, and are called carotenoid pigments. 
Carotenoid pigments sometimes occur with- 
out chlorophyll, and they furnish the color 
of many chromoplasts. 

In some algae, chlorophyll is accom- 
panied and more or less masked by brown- 
ish, red, or blue pigments, some of which 
are carotenoids, while others are of a dif- 
ferent type called phyeobilins. It is often 
convenient to use the term chloroplast for 
any chlorophyll-bearing plastid, regardless 
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of its actual color, and to restrict the term 
chromoplast to colored plastids which do 
not contain chlorophyll. ‘That practice is 
adopted in this text. 

Chloroplasts are the most complex and 
important kind of plastids. They are fur- 
ther considered in Chapter 29, which deals 
with photosynthesis. 

Some other specialized parts of the 
cytoplasm, the mitochondria, (also called 
chondriosomes) are colorless but so differ- 
ent from colorless plastids that they must 
be considercd separately. Mitochondria, 
like plastids, are variable in shape; most 
often they are crooked rods. In spite of 
their small size (up to about 5 microns 
long, seldom longer), they have a complex, 
organized structure. They have a bounding 
double membrane and a profusion of in- 
ternal plates or tubular processes (cristae) 
of varied shape, formed by intrusion of the 
inner layer of the bounding membrane 
(Fig. 3.14). Mitochondria therefore have a 
very large surface area in relation to vol- 
ume. Unlike plastids, mitochondria are 
characteristic cell organelles of nearly all 
eukaryotes, both plant and animal. 

Mitochondria contain some DNA and 
are apparently strictly self-reproducing, al- 
though at an earlier time it was thought 
that they might originate de novo in the 
cytoplasm. In the higher plants, at least, 
mitochondria probably originate chiefly by 
division of tiny, seemingly simple preeur- 
sors in the cytoplasm, followed by growth 
and diffcrentiation. The smallest probable 
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Fig. 3.13—Structure of @-carotene. 
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OE a SAT N 
Fig. 3.14 Mitochondrion in the common bean 
(Phaseolus vulgaris), with ribosomes (dark dots) 
and a bit of endoplasmic reticulum (lower left). 
(X60,000.) (Electron micrograph by Peter K. 
Hepler.) 


precursors of mitochondria cannot yet be 
distinguished from the smallest probable 
proplastids (in the range of 20-50 milli- 
microns in diameter). Because both plas- 
tids and mitochondria contain distinctive 
DNA systems which govern some of their 
inheritable characters, it is believed that 
their ontogenetic precursors must maintain 
their separate identities, even at sizes that 
do not permit us to recognize the differ- 
ence. Although both plastids and mito- 
chondria are self-reproducing and maintain 
a degree of hereditary continuity, their 
heredity is also influenced by nuclear DNA. 
Control of the hereditary features of mito- 
chondria is shared by mitochondrial and 
nuclear DNA. The same is true of plastids. 

The number of mitochondria per cell 
varies with the organism and the kind of 
cell. In ordinary plant cells it is commonly 
in the range of several hundred to a few 
thousand, but in some very small cells 
there may be only a few mitochondria, or 
even only one. 

In addition to plastids and mitochon- 
dria, the cytoplasm also contains scattered 
minute bodies called dictyosomes or Golgi 
bodies (Fig. 3.15), after the Italian zoolo- 
gist Camillo Golgi (1844-1926), who in 
1898 reported the existence of what are 
probably these same structures in the nerve 


cells of barn: owls. Golgi bodies are in the 
size rangc of small mitochondria (com- 
monly l-3 microns wide), and thcy are 
even more difficult to observe with ordinary 
techniques and conventional microscopes. 
Observations with electron microscopes 
have revealed that Golgi bodies of plants 
characteristically consist of about 4 to 7 
parallel platelets, without a collective 
bounding membrane. Each platelet is ac- 
tually a flattened vesicle, roughly compara- 
ble to a segment of the endoplasmic re- 
ticulum in that it has two layers (unit 
membranes) separated by a fluid interior. 
Like mitochondria, Golgi bodies appear to 
be standard constituents of the cytoplasm 
of eukaryotic organisms in general, but 
their detailed structure is somewhat differ- 
ent in higher animals than in plants. Prob- 
ably several hundred Golgi bodies occur in 
an ordinary plant cell. 

It may be significant that the endo- 
plasmic reticulum, the plastids, the mito- 
chondria, the platelets of the Golgi bodies, 
and the nuclear membrane either consist 
of or are enclosed by double membranes 
which have some features in common. The 
evolution of eukaryotic organisms from the 
ancestral prokaryotes is still incompletely 
understood, but the prokaryotes notably 
lack the double membrane which marks 
these eukaryotic organelles. Perhaps the 
double membrane arose by invagination of 
the unit membrane of the plasmalemma, 
or perhaps it arose by modification of the 
primitive photosynthetic lamellae (thyla- 
koids) of prokaryotic algae. The nature of 
thylakoids is discussed in Chapters 9 and 
co: 

Much smaller than the mitochondria 
and Golgi bodies, and correspondingly 
more difficult to observe, are numerous 
cytoplasmic bodies called ribosomes (Fig. 
3.16). These can be seen only in the most 
delicately fixed EM (electron microscope) 
preparations. In the best preparations they 
appear ‘as compound structures, each com- 
posed of two joined, unequal spheroids, 
somewhat flattened in the contact zone. 
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Whereas Golgi bodies and mitochondria 
can be measured in microns, ribosomes are 
measured in millimicrons or Angstrom 
units. Ribosomes are commonly about 
125-180 A in length. Unlike mitochondria, 
they probably do not have a highly com- 
plex internal structure; it is the outer sur- 
face which is chemically active. Many ribo- 
somes occur free in the cytoplasm, but 
others are attached to the endoplasmic re- 
ticulum. Ribosomes also occur within the 
nuclei, chloroplasts, and mitochondria. It 
has been estimated that there may be on 
the order of 500,000 ribosomes in an ordi- 
nary plant cell. Even the bacterium Es- 
cherichia coli, with cells much smaller than 
those of most eukaryotes, has about 6000 
ribosomes per cell. Ribosomes take their 
name from the fact that they contain ribo- 
nucleic acid. The nature and function of 
ribonucleic acid are discussed in Chapter 
37. 

Cytoplasm of eukaryotes in general also 
contains numerous very small structures 
called microtubules, with the form of 
straight, hollow threads or pipes. These are 
on the order of 250 A in diameter, and of 
undetermined length, some of them at 
least several microns long. The tubules 
themselves are compound structures which 
generally consist of about 13 (in plants) 
microfibrils in a ring-sheath enclosing a 
seemingly structureless core. We shall see 
in Chapter 4 that the spindle fibers ob- 
served in cell division consist of elusters of 
microtubules. 

Several morphologically similar but 
metabolically differentiated kinds of cyto- 
plasmie organelles are collectively known 
as microbodies. ‘These are ellipsoid bodies 
0.2-0.6 micron long, bounded by a unit 
(not double) membrane. Those which 
contain digestive enzymes (hydrolases) are 
called lysosomes. Those which contain en- 
zymes relating to the metabolism ‘of cer- 
tain 2-carbon compounds, notably glycolate 
(a photosynthetic product) and acetate, 
are coming to be called peroxisomes, be- 
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cause their:set of enzymes includes some 
which destroy hydrogen peroxide. Some of 
the peroxisomes have also been called 
glyoxysomes, because the glyoxylate cycle 
for producing more complex compounds 
from acetate occurs within them. 

All normal plant cells (except those of 
bacteria and blue-grecn algae) apparently 
contain leucoplasts, mitochondria, ribo- 
somes, microtubules, and probably micro- 
bodies, Golgi bodies, and an endoplasmic 
reticulum. Indeed all of these structures 
except leucoplasts appear to be characteris- 
tic of eukaryotes in general, both plant and 
animal. Not all plant cells contain chlo- 
roplasts and chromoplasts, however. 


Tue NUCLEUS 


The nucleus of the cell is embedded 
in and completely surrounded by the cyto- 
plasm. A typical, spherical nucleus is com- 
monly on the order of 10 microns thick. 
The nucleus is ordinarily bounded by a 
nuclear membrane, which is a double 
membrane morphologically like the double 
membrane of the endoplasmic reticulum. 
The outer layer is often continuous at in- 
tervals with the endoplasmic reticulum, 
but the inner layer remains largely intact. 
Within the nuclear membrane is the nu- 
clear sap, or karyolymph, in which are em- 
bedded the chromonemata and a more or 
less spherical body called the nucleolus (or 
often two or more nucleoli). The nuclear 
sap, unlike the cell sap of the central 
vacuole, is chemically active and is re- 
garded as living substance. 

The chromonemata are slender, 
thread-like bodies which are so twisted and 
tangled that they appear to form a net- 
work. During cell division the chromone- 
mata contract and become organized (with 
the addition of some previously undiffer- 
entiated material) into much shorter and 
thicker bodies, called chromosomes. The 
number of chromosomes in a cell varies 
according to the kind of organism, but ex- 


cept for the regular and alternating changes 
during the reproductive cycle, described in 
Chapter 5, it is usually constant for each 
individual species. The number may be 
as low as l, or more than 1000, but num- 
bers of 6 to 50 are more common. 

The word chromosome is derived from 
two Greek words: chroma, color, and soma, 
body. The name was originally proposed 
because some of the dyes used in preparing 
parts of plants and animals for microscopic 
examination have a particular affinity for 
these structures, which therefore appeared 
as colored bodies within the cell. The 
chromosomes consist in large part of a 
complex series of substances called chro- 
matin. The individual units of chromatin, 
called genes, seem to be arranged in linear 
sequence on the chromosomes, although 
this is almost certainly an oversimplifica- 
tion. The chromatin, or genic material, 
consists in large part of nucleoproteins, 
which are conjugated proteins with some 
complex organic acids called nucleic acids. 
It has been suggested that a chromosome, 
as observed during cell division, consists of 
a series of genes, or nucleoprotein units, 
extending out at right angles to a core of 
simple protein, but even this concept is 
probably an oversimplification. ‘The struc- 
ture of genes is further discussed in Chap- 
ten). 

All of the many different kinds of nu- 
cleic acids contain nitrogen and phos- 
phorus, as well as carbon, hydrogen, and 
oxygen. Most nucleic acids can be divided 
into two general groups, ribonucleic acid, 
commonly called RNA, and deoxyribonu- 
cleic acid, commonly called DNA. One of 
the blocks which goes into the formation 
of RNA is ribose, a pentose sugar. DNA 
differs from RNA, among other respects, 
in that a ribose-like molecule, containing 
less oxygen than true ribose, 1s used in 
place of ribose in the formation of the 
DNA molecule. DNA occurs principally 
in the chromatin, of which it is considered 
to be the essential constituent, but as we 
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have seen it is also present in the self-repro- 
ducing cytoplasmic organelles called plas- 
tids and mitochondria. It is also probably 
present in the basal bodies of flagella, in 
cells which have these organelles. RNA, on 
the other hand, occurs chiefly in the cyto- 
plasm and in the nucleolus, being present 
also in small amounts in the nuclear sap. 

Although every nucleus contains many 
different kinds of DNA, there are also dif- 
ferences betwecn the DNA of different 
kinds of organisms. Recent experimental 
studies suggest that the more distantly re- 
lated the organisms under consideration, 
the more different their DNA. It also ap- 
pears that there are some consistent differ- 
ences between the DNA of higher plants 
and that of higher animals. 

The nucleolus is a more or less spher- 
ical body within the nucleus, apparently 
without a bounding membrane. It is asso- 
ciated with a particular region on a par- 
ticular chromosome, called a nucleolar or- 
ganizing chromosome, or simply a nu- 
cleolar organizer. The nucleolar organizer 
appears to pass through the nucleolus. ‘The 
nuclei of some kinds“of cells have two or 
more nucleolar organizers and a corre- 
sponding number of nucleoli. 


FUNCTIONS OF THE INDIVIDUAL 
PARTS OF CELLS 


THe CELL WALL 


The cell wall gives shape and some de- 
gree of rigidity to the cell. Unless it is im- 
pregnated with waterproofing materials, as 
is true, for example, of cork cells, it pre- 
sents no significant barrier to the diffusion 
of water and other materials in solution. 
Some of the hemicelluloses of the cell wall 
often serve as stored food, being resorbed 
into the cytoplasm in time of need. ‘The 
middle lamella holds adjacent cells to- 
gether. 
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THe NUCLEUS 


The nucleus, and specifically the 
genes of the nucleus, determine most of 
the hereditary characteristics of the cell. In 
general, it may be said that DNA of the 
genes governs the formation of RNA mole- 
cules which migrate out into the cytoplasm 
and there, in turn, directly or indirectly 
govern the formation of molecules of vari- 
ous cytoplasmic enzymes. Thus the kind 
and amount of enzymes in the cytoplasm 
are controlled mainly by the genes. Since 
the chemical activities and, indirectly, the 
physical properties of the cell depend 
largely on the enzymes present, this ex- 
plains the important role which the nu- 
cleus has long been known to play in con- 
trolling the nature of the whole cell. A 
more detailed consideration of the action 
of DNA and RNA is given in Chapter 37. 

The function of the nucleolus has 
long been controversial, and many diverse 
suggestions have been made and discarded 
in the past. By the late 1950’s it began to 
be evident that it is somehow involved in 
RNA synthesis, and in the late 1960’s it 
became clear it is concerned specifically 
with the packaging of ribosomal RNA into 
units which are apparently assembled in 
the cytoplasm into functional ribosomes. 


THE CYTOPLASM 


The manufacture, storage, and diges- 
tion of foods are carried out in the cyto- 
plasm, although some foods may also be 
stored in the central vacuole or in the cell 
wall. Respiration is largely a cytoplasmic 
function, involving especially the mito- 
chondria. The formation of living sub- 
stance is carried out in both the nucleus 
and the cytoplasm, each playing its own 
role. 

Photosynthesis occurs in the chloro- 
plasts. Some of the principal steps of res- 
piration ordinarily occur in the mitochon- 
dria. Many cytoplasmic enzymes are formed 
in association with ribosomes attached to 


the endoplasmic reticulum, whereas others 
are formed in association with ribosomes 
free in the hyaloplasm. Grains of starch, 
oil, or protein are often formed and stored 
in leucoplasts, which may thus be distin- 
guished and named as amyloplasts, elaio- 
plasts, or proteinoplasts, respectively. ‘The 
only function of chromoplasts, so far as 
known, is to produce colored tissues, which 
may be significant in attracting animals, as 
in the skin or flesh of many fruits. The 
final packaging of many diverse kinds of 
cytoplasmic products (especially carbohy- 
drates concerned in wall formation) ap- 
parently occurs in the Golgi bodies. Entry 
to or departure from the cell of water and 
dissolved substances are governed in part 
by the plasma membrane and vacuolar 
membrane, and in part by the kind and 
amount of dissolved and colloidal particles 
in both the cell sap and the cytoplasm. In 
addition to harboring ribosomes, the en- 
doplasmic reticulum may also serve as a 
passageway for distribution of various ma- 
terials within the cytoplasm, and between 
the cytoplasm and the nucleus. The micro- 
tubules play an important role in cell divi- 
sion, and perhaps also in the orientation of 
cellulose deposited in cell walls, and prob- 
ably in other as yet undetermined processes. 
Digestion of certain foods, especially carbo- 
hydrates, probably occurs in the lysosomes, 
and important processes relating to acetate 
and glycolate occur in the peroxisomes. 
Most other metabolic processes have not 
been clearly demonstrated to be associated 
with particular parts of the cytoplasm. 


METABOLISM AND RELATED 
PROCESSES 


INTRODUCTORY REMARKS 


The formation of living substance 
from raw materials is called assimilation. 
Assimilation is the phase of metabolism 
toward which all other metabolic processes 
are normally directed. Even in mature or- 


ganisms, the formation of some new proto- 
plasm is eventually necessary for continued 
life, inasmuch as existing protoplasm is 
constantly wearing out and breaking down. 
Living matter is chemically active and un- 
stable and is therefore subject to attrition 
by the alteration or disintegration of its 
molecules. 

Those phases of metabolism, such as 
photosynthesis and assimilation, which re- 
sult in more complex substances made 
from simpler ones, are called anabolism. 
Anabolism generally requires an input of 
energy. Those phases of metabolism, such 
as digestion and respiration, whieh result 
in simpler substances made from more 
complex ones, are called catabolism. Ca- 
tabolism generally results in the liberation 
of stored energy. For purposes of diseussion 
and understanding, the division of metab- 
olism into anabolism and catabolism is 
often useful, but the distinction within the 
living cell is not precise. Both anabolic and 
catabolie processes occur constantly and 
simultaneously, and some of the interme- 
diate products of anabolic processes are the 
same as some of the intermediate products 
of simultaneously occurring catabolie proc- 
esses. 


OSMOSIS 


Normal plant cells are typically in a 
state of turgor, i.e. the protoplast pushes 
firmly against the enclosing cell wall, as if 
the cell were overfilled. The material in 
“excess” supply, causing the turgor pres- 
sure, is water. If, on the other hand, water 
is in short supply, metabolic activities in 
general are likely to be seriously disrupted. 
The conditions and mechanisms governing 
the absorption and loss of water by the cell 
are therefore of vital importance. We shall 
see that the differential permeability of cer- 
tain membranes is fundamental to the 
maintenance of an adequate water supply 
in the cell. 

One of the most important features 
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of the plasma membrane (and the vacuolar 
membrane) is that it constitutes a partial 
barner to the passage by diffusion of ma- 
terials in solution. Water passes through 
it relatively freely. Some solutes pass freely, 
others more slowly, and others not at all. 
Such a membrane, which permits the free 
passage by diffusion of some materials and 
restricts the passage of others, is commonly 
called a semipermeable membrane, al- 
though the term differentially permeable 
membrane would be more precisely de- 
scriptive. 

An important characteristic of differ- 
entially permeable membranes of plant 
cells is that their permeability changes, so 
that a substance which is allowed to pass 
through at one time may be restrained at 
another. It has been suggested that one 
way in which these changes of permeability 
occur is by a change in the nature of the 
lipid-water emulsion which forms the fill- 
ing between the protein layers of the 
plasma membrane. In an emulsion consist- 
ing of colloidal particles of lipid dispersed 
in a continuous medium of water, the pas- 
sage of water-soluble materials would be 
facilitated. The opposite condition, with 
colloidal particles of water dispersed in a 
continuous medium of lipid, would favor 
the passage of fat-soluble substances. Some 
of the substances usually present in the 
cell, such as sodium ions and some lipids 
known as phospholipids, favor a lipid-in- 
water emulsion; others, such as calcium 
ions and somc other kinds of lipids, favor 
a water-in-lipid emulsion. Changes in the 
concentration of these substances at the 
surface of the cytoplasm would therefore 
be expected to affect the nature of the 
emulsion and thus the permeability of the 
membrane. 

Beeause water and some solutes fre- 
quently move from outside a ccll into the 
central vacuole, or vice versa, it 1s some- 
times convenient to think of the cytoplasm 
itself as a membrane separating the central 
vacuole from the region outside the cell. 
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Such a movement involves diffusion 
through both the plasma membrane and 
the vacuolar membrane, with passage 
through the intervening portion of the 
cytoplasm being accomplished partly by 
diffusion and more especially by means of 
the constant streaming motion (cyclosis) 
of the cytoplasm itself. The vacuolar mem- 
brane is in some respects a more effective 
barrier than the plasma membrane. 

If pure water is placed in one half of a 
U-shaped container and an equal amount 
of a solution of cane sugar is placed in the 
other half, and the two halves are sepa- 
rated by a completely permeable mem- 
brane as shown in Fig. 3.17, the propor- 
tions of sugar and water eventually become 
uniform throughout the container. Mole- 
culcs of both substances pass through the 
membrane in both directions, but there is 
a net movement of sugar into the side of 
the container which had held pure water, 


and a net movement of water into the side 
of the container which had held the orig- 
inal sugar solution. Each of the two sub- 
stances, sugar and water, diffuses from a 
region of its own high concentration to- 
ward a region of its own lower concentra- 
tion, and the level of the liquids on the 
two sides of the container remains essen- 
tially unchanged throughout the process. 
In a similar experiment using a mem- 
brane which is permeable to water and im- 
permeable to sugar (Fig. 3.18), the results 
are different. ‘The sugar is retained in one 





Fig. 3.17 Osmotic apparatus described in the 
text. Left, separated parts. Right, sugar solution 
in equal concentration on both sides of the 
membrane after a period of diffusion. 





Fig. 3.18 Osmotic apparatus, showing changes 
when equal amounts of water and sugar solution 
are separated by a semipermeable membrane, as 
described in the text. 


half of the container, and only the water 
moves from an area of its own higher to 
its own lower concentration. The level of 
the pure water falls, and the level of the 
sugar solution rises. If the membrane re- 
mains unbroken and its differential per- 
meability remains unimpaired, the level of 
the sugar solution may rise a considerable 
distance before the increased pressure of 
the sugar solution against the membrane 
results in an equilibrium, with as many 
molecules of water passing in one direction 
as in the other. If the membrane merely 
retards the passage of sugar, rather than 
completely preventing it, the level of the 
sugar solution will at first rise, as more wa- 
ter enters it than leaves, and then it will 
fall as the equalization of sugar concentra 
tions on the two sides of the membrane 
proceeds. Eventually the liquid will stand 
at the same level and will have the same 
concentration of sugar on both sides of the 
membrane. 

In the experiment in which the mem- 
brane wholly prevents the passage of sugar, 
the level of the sugar solution can be pre- 
vented from rising by inserting a plug in 
the tube down to the level of the solution 
(Fig. 3.19). Water will then enter the 
sugar solution until the pressure of the 
solution against the membrane is built up 
enough to cause the passage of equal 
amounts of water in both directions, or the 
membrane may burst before this equilib- 
rium is achieved. ‘The same results will be 
obtained if the two halves of the container 





Fig. 3.19 Osmotic apparatus developing pres- 
sure, as described in the text. 


merely have different concentrations of 
sugar molecules, or even if different kinds 
of solutes are used, so long as these solutes 
cannot pass through the membrane and so 
long as the concentration of water in the 
two solutions is not the same. 

An oversimplification that might help 
one to understand this process is to con- 
sider that whenever a molecule of water 
hits the membrane (and we have seen that 
all molecules are in constant motion) it 
passes through, and whenever a particle of 
solute hits the membrane it is restrained. 
A given amount of pure water will obvi- 
ously contain more water molecules than 
the same amount of sugar solution. (By 
actual test, for example, one cup of water 
and one cup of sugar yield about 1% cups 
of sugar solution). Therefore, under the 
conditions of the experiment, more mole- 
cules of water will hit and pass through the 
membrane into the sugar solution than in 
the reverse direction. With the volume of 
the sugar solution prevented from inereas- 
ing, a pressure is built up within the solu- 
tion, because more molecules occupy a 
given space than had previously occupied 
that space. When the pressure becomes so 
great that as many molecules of water hit 
the membrane from one side as they do 
from the other, an equilibrium is estab- 
lished. 

The diffusion of water through a semi- 
permeable membrane is called osmosis. 
The pressure exerted on a semipermeable 
membrane as a result of osmosis is called 
osmotic pressure. Obviously the actual os- 
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motie pressure exerted by the cell sap of 
the central vacuole against the enclosing 
cytoplasm will be greater if the cell is im- 
mersed in purc water than if the surround- 
ing medium contains any solutes. Also, 
other things being equal, the greater the 
concentration of solutes in the cell sap 
(and thus the less the concentration of 
water), the greater the actual osmotic pres- 
sure. The presence of hydrophilic colloids 
in the cell sap will still further increase the 
osmotic pressure, since the colloidal par- 
ticles adsorb water molecules on their sur- 
faces and thus decrease the tendeney for 
water to move back out of the cell. 

The possible osmotic pressure, Le. 
what the pressure would be if the cell, 
otherwise unehanged, were immersed in 
pure water, with the volume of its proto- 
plast held constant, has considerable physi- 
ological importance as a measure of the 
water-absorbing and water-holding capacity 
of the cell. By custom this possible osmotic 
pressure rather than the actual pressure is 
meant as the osmotic pressure of a par- 
ticular cell. The possible osmotic pressure 
is usually expressed in terms of atmospheres 
(1.e., the pressure of the atmosphere at sea 
level). There is a wide variation in possible 
osmotic pressures among the cells of differ- 
ent kinds of plants; figures of 5 to 20 at- 
mospheres are common. 


Students of osmotic phenomena often 
find it convenient to think in terms of the 
ability of pure water to move into a solu- 
tion from which it is separated by a semi- 
permeable membrane, rather than of the 
ability of the solution to attract and hold 
water. In these terms, water has a greater 
osmotic potential, or capacity for net dif- 
fusion through the membrane, than any 
aqueous solution. As compared to water, 
the solution has a negative osmotic poten- 
tial. Osmotic potential can be measured in 
exactly the same way as the possible os- 
motie pressure; it is the same thing, but 
with a minus sign. Another term often 
used in this same context is diffusion pres- 
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sure deficit. The solution has a diffusion 
pressure deficit as compared with pure wa- 
ter. Being stated as a deficit to begin with, 
the figure does not carry a minus sign. 

Since the volume of a plant cell is held 
essentially constant by the cell wall, the 
osmotic pressure exerted by the central 
vacuole on the cytoplasm ordinarily forces 
the cytoplasm against the cell wall. The 
actual pressure of the cytoplasm against 
the cell wall as a result of osmotic forces is 
referred to as turgor pressure. The turgor 
pressure of cells is often so great that the 
cytoplasm would burst if the cell wall were 
not present. 

The actual powcr of a cell to absorb 
water is limited by the fact that its volume 
is held nearly constant by the cell wall, to- 
gether with the fact that water is not 
highly compressible. As the cell becomes 
more and more turgid, its water-absorbing 
capacity becomes less and less. When the 
turgor pressure balances the osmotic po- 
tential, the cell is fully turgid and can ab- 
sorb no more water. 

The difference between the osmotic 
potential and the turgor pressure is often 
called the water potential. Like osmotic 
potential, it earries a minus sign. A cell 
which has an osmotic pressure of 15 at- 
mospheres has an osmotic potential of 
—15 atmospheres. If it is partly turgid, so 
that the turgor pressure is, for example, 10 
atmospheres, it has a water potential of 
—5 atmospheres. If immersed in pure wa- 
ter (and if the osmotic potential does not 
change) it will continue to absorb water 
until the turgor pressure reaches 15 atmos- 
pheres. It will then be fully turgid and can 
absorb no more water. Given the same 
initial conditions of turgor and osmotic po- 
tential (10 atmospheres turgor pressure, 
—15 atmospheres osmotic potential), and 
placed in a solution which has an osmotic 
potential of —5 atmospheres, it Will neither 
take on nor lose water, since the difference 
between its own osmotic potential (—15 
atmospheres) and that of the surrounding 
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solution: (—5 atmospheres) is exactly bal- 
anced by the turgor pressure. The same 
cell, immersed in a more concentrated so- 
lution, with an osmotic potential of say 
—10 atmospheres, will lose water osmo- 
tically until its turgor pressure is enough 
lower than its osmotic potential to bal- 
ance the osmotic potential of the surround- 
ing medium. 

Precise figures in examples such as 
these may be misleading, because loss of 
water from a cell automatically tends to 
increase its water potential, and the intake 
of water tends to decrease the water poten- 
tial (i.e, to bring the figure nearer to 
zero). The principle, however, is simple 
enough. The cell tends to take in or lose 
water osmotically, according to the circum- 
stances, until its water potential (the dif- 
ference between osmotic potential and tur- 
gor pressure) equals the osmotic potential 
of the surrounding medium. 

If the concentration of solutes in the 
water surrounding a cell is raised to a level 
appreciably higher than that of the central 
vacuole (which means, also, that the con- 
centration of water in the vacuole is greater 
than that in the surrounding medium), 
osmosis tends to proceed in reverse direc- 
tion, and water leaves the cell (unless hin- 
dered by hydrophilic colloids in the cell 
sap). If the process continues, the vacuole 
diminishes in size and the protoplast 
shrinks away from the cell wall (Fig. 3.20). 
The cell is then said to be plasmolyzed, or 
in a state of plasmolysis. A plasmolyzed 
but still living cell obviously exerts no tur- 
gor pressure, but its osmotic potential may 
be very high. If a more normal environ- 
ment is restored, water re-enters the cell, 
and turgor is re-established, providing that 
plasmolysis has not been carried so far or 
continued so long as to kill the cell. The 
differential permeability of the cytoplasmic 
membrane depends on life, and when the 
cell dies the cytoplasm becomes wholly 
permeable. 

In more precise studies it is also neces- 





Fig. 3.20 Cell of a leaf of Elodea (a water plant); 
normal (left), and plasmolyzed (right). (600.) 


sary to note that the cytoplasmic mem- 
brane does impede the passage of water to 
some extent, though less than it does the 
passage of most solutes. Not every mole- 
cule of water that hits the membrane gets 
through. Changes in the precise chemical 
and physical state of the cytoplasmic mem- 
brane therefore influence the rate of os- 
mosis. 

In the foregoing paragraphs osmosis in 
living cells was presented as a purely phys- 
ical process, the only strictly metabolic 
contribution being the maintenance of an 
effective semipermeable membrane. This 
may or may not be the whole story. A high 
rate of water uptake is commonly corre- 
lated with a high rate of respiration, and a 
great deal of attention has been devoted in 
the past three decades to the possibility 
that the expenditure of respiratory energy 
may permit the absorption of water against 
the concentration gradient. The evidence, 
though now seemingly fairly abundant, 1s 
conflicting and subject to diverse interpre- 
tations. At the present time most physiolo- 
gists are reluctant to concede that such 
metabolic absorption can play any more 
than a minor role, if any role at all, in 
water uptake. 

There is also a longstanding contro- 
versy about the possibility that water may 
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enter the cell more rapidly than would be 
permitted by simple osmosis, through an 
ill-defined and scarcely understood process 
called mass flow. Presumably any such 
process would call for the existence of 
water-filled holes in the plasma membrane, 
or for recurring pinocytosis (the invagina- 
tion and enclosure of a bit of the plasma 
membrane). At the present time the con- 
cept of mass flow is not in general favor, 
but the controversy has not entirely sub- 
sided. 


ABSORPTION OF SOLUTES 


It is clear that mineral salts, in con- 
trast to water, can be and often are ab- 
sorbed against the concentration gradient. 
Metabolic activities of the cell interfere 
with normal diffusion processes so that cer- 
tain ions, under given conditions, enter the 
cell far more readily than they leave it. Par- 
ticular minerals may thus be accumulated 
in concentrations many times higher than 
their concentration in the surrounding me- 
dium. The aceumulation reflects in part 
the removal of ions from solution or their 
transformation into forms that do not pass 
readily through the plasma membrane, but 
it also reflects the direct expenditure of 
metabolic energy to retain ions that would 
otherwise diffuse out of the cell. 

Experiments under conditions of mod- 
erate or slow respiration have usually indi- 
cated that the cytoplasmic membrane is 
not very readily permeable in either direc- 
tion to most mineral solutes. Under con- 
ditions of rapid respiration, however, it 
evidently permits the entry of many sol- 
utes, while restricting their exit. It is thus 
clear that a directional difference in the 
permeability of the cytoplasmic membrane 
is maintained by the expenditure of respir- 
atory energy, but the means by which the 
energy exerts its effect remains obscure. It 
seems likely that the energy is provided by 
the breakdown of ATP to form ADP and 
phosphate ion, and that the plasma mem- 
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brane is intimately involved in the use of 
ATP to absorb ions, but we still need to 
know just how the energy is used. 

The demonstrated use of respiratory 
energy in the absorption of solutes helps to 
explain why rapid absorption of water is 
also correlated with rapid respiration. A 
concentration of mineral solutes in the ccll 
sap adequate to encourage rapid osmosis 
can only be achieved and maintained by 
the expenditure of respiratory encrgy. 

It should be noted that the expendi- 
ture of respiratory energy in the absorption 
of solutes does not encourage the absorp- 
tion of all solutes equally. On the contrary, 
some ions are more vigorously absorbed 
than others, and different kinds of plants 
sometimes differ greatly in their afhnity for 
various kinds of ions. It thus seems likely 
that chemical as well as strictly physical 
actions are involved in the respiratory up- 
take of mineral solutes. 


PHOTOSYNTHESIS AND RESPIRATION 


Photosynthesis is the process by which 
plants make food from raw materials, using 
light as the source of energy. The raw ma- 
terials of photosynthesis are usually carbon 
dioxide and water, and the principal end 
product is ordinarily glucose. A generalized, 
oversimplified equation for photosynthesis 
is 6 CO, + 6 H:O + light energy —> 
CegH1205 + 6 O2. Glueose and other im- 
mediate products of photosynthesis are the 
building blocks from which other, often 
much more complex substances are made, 
either directly or through a chain of inter- 
mediate substances. 

Respiration is the process by which 
foods are broken down within a cell, with 
some of the energy being released into the 
metabolic system of the cell. Many differ- 
ent substances can be respired, but glucose 
is the most common and typical one. A 
generalized, oversimplified equation for res- 
piration of glucose is CHO, = 
6 CO: + 6 H:O + heat and metabolic 


(chemical) energy. 
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It may thus be said that photosyn- 
thesis and respiration, taken collectively, 
form a mechanism for transforming light 
energy into metabolic energy. ‘The process 
is not highly efficient in absolute terms. 
Much of the light energy received by the 
plant escapes being used, and much of the 
energy liberated in respiration is lost in the 
form of heat. Nevertheless, with some in- 
significant exceptions involving chemosyn- 
thesis among certain bacteria, photosyn- 
thesis is the sole eventual source of meta- 
bolic energy for all organisms, both plant 
and animal. Only plants can make food 
from raw materials. Anything that does not 
make its own food must eat it or absorb it 
from the substrate. This leads us eventu- 
ally back to plants. The food chain begins 
with photosynthesis. Furthermore, green 
plants, on one hand, plus all nongreen 
organisms on the other, make up a bal- 
anced system by which foods and raw 
materials are maintained in continuous 
cycle, and relatively stable proportions of 
oxygen and carbon dioxide are maintained 
in the atmosphere. In a subsequent chapter 
we shall study the nitrogen cycle in some 
detail, but cach of the elements necessary 
for plant growth could as well be consid- 
ered in a similar way. 

Photosynthesis and respiration are not 
simple chemical reactions. Each consists of 
many steps, which are considered in later 
chapters. Some of the intermediate prod- 
ucts of respiration are the same as some 
of the intermediate products in photosyn- 
thesis, but the two processes are not oppo- 
sites in all details. 

Except for the energy used in the 
manufacture of foods from raw materials 
by photosynthesis (and, in a few kinds of 
bacteria, by a related process, chemosyn- 
thesis), all the energy required by a cell is 
obtained by respiration. Carbohydrates and 
fats are commonly used in respiration. Pro- 
teins can also be respired, but they are not 
ordinarily so used in any considerable 
quantity if an adequate supply of carbo- 
hydrates or fats is available. 


Respiratory energy is used in the man- 
ufacture of fats, proteins, and othcr com- 
plex substances in the cell from the initial 
products of photosynthesis. The constant 
streaming of the cytoplasm, called cyclosis, 
which occurs in most living cells, also re- 
quires energy. Even the transformation of 
simple sugars into storage carbohydrates 
such as starch requires energy, as do many 
other processes in the cell. 

As we have noted earlier in this chap- 
ter, respiratory energy is in large part de- 
livered in the form of adenosine triphos- 
phate, abbreviated ATP. Energy released 
in respiration is used to link phosphate ion 
to adenosine diphosphate (ADP), form- 
ing ATP. ATP supplies energy to other 
metabolic processes, reverting to ADP and 
phosphate ion in the process. 

Ordinary respiration requires the use 
of free oxygen and is called aerobic respira- 
tion. An incomplete or partial respiration 
can sometimes be carried on without the 
use of free oxygen; this is called anaerobic 
respiration. Anaerobic respiration releases 
only part of the potential chemical energy 
of a food, and an end produce that can be 
further oxidized with release of energy is 
always formed. 

A familiar example of anaerobic respi- 
ration is the fermentation of sugar by yeast, 
in which ethyl alcohol and carbon dioxide 
are formed as end products. ‘This process 
releases only a relatively small part of the 
chemical energy stored in the sugar, and 
the alcohol] retains a large amount of 
potential energy which can be releascd by 
aerobic respiration of other organisms (in- 
cluding man). The chemical equation for 
the alcoholic fermentation of a simple hex- 
ose sugar is CeHi1206s ——> 2 C2,H;0H + 
2 CO» + energy. This simple equation 
masks the complexity of a process that re- 
quires a number of steps. 

Many modem plant physiologists 
would restrict the term respiration to aero- 
bic respiration, and modify the definition 
of fermentation to cover what would other- 
wise be called anaerobic respiration. The 
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distinction is largely theoretical, however, 
since even aerobic respiration consists of 
several steps, of which the early ones 
typically do not require free oxygen and 
are similar to the steps in anaerobic respira- 
tion. Furthermore, many plant cells can 
carry on anacrobic respiration for a limited 
time under conditions of oxygen shortage 
and then aerobically respire the partly 
broken-down products of anaerobic respira- 
tion when a sufficient supply of free oxygen 
becomes available. 

A more traditional definition of fer- 
mentation is respiration, aerobic or more 
often anaerobic, of carbohydrates, fats, or 
products derived from the partial break- 
down of carbohydrates and fats, in which 
only part of the energy stored in the fooa 
is released, and a normal end product 
(such as alcohol, lactic acid, or acetic acid) 
is formed that can still be oxidized with 
release of energy. As so defined, fermenta- 
tion occurs chiefly or wholly among micro- 
organisms, such as bacteria and yeasts. 

The definition of respiration to in- 
clude or exclude anaerobic processes is, of 
course, merely a matter of convenience. 
For purposes of understanding, we find it 
useful to classify the chemical processes of 
a cell into certain categories, but no such 
distinction is made by the plant itself. The 
term respiration is here retained in its tra- 
ditional sense, to include both aerobic and 
anaerobic processes, because the concept 1s 
useful and no other term is available to re- 
place it. 


Foop STORAGE 


If all the glucose formed by a cell dur- 
ing photosynthesis were maintained in that 
form within the cell, it would interfere 
with metabolism in many ways. One im- 
portant way would be to upset osmotie 
relations. In fact, glucose is seldom accum- 
ulated in large quantities; instead it is 
usually transformed into insoluble, chem- 
ically and osmotically inactive reservcs. 
The most common of these reserve foods 
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into which glucose is transformed for stor- 
age 1s starch. 

Starch is a mixture of two different 
polysaccharides, called amylose and amy- 
lopectin. A molecule of amylose is formed 
by the polymenzation of about 300 to 
about 1000 molecules of a-glucose into a 
simple chain, and a molecule of amylo- 
pectin (Fig. 3.21) is formed by the poly- 
merization of from about 1000 to about 
3000 molccules of a-glucose in a different 
way into a branched chain. Amylose turns 
deep-blue when a solution of iodine is ap- 
plied to it; amylopectin turns red to purple; 
the resulting color of iodine-treated starch 
is a deep-violet purple. No other common 
natural substance gives such a color when 
treated with iodine, and iodine is com- 
monly used as a test for the presence of 
starch. 

Starch commonly occurs in the form 
of definite grains filling certain leucoplasts 
(called amyloplasts) in the cytoplasm 
(Fig. 3.22). The shape and size of starch 
grains vary in different kinds of plants, 
partly according to differences in the amy- 
lopectin fraction. Often the grains have 
evident concentric layers. A small propor- 
tion—commonly about | percent by weight 
—of each starch grain consists of sub- 
stances other than amylose and amylopec- 
tin. These other substances, which com- 
monly include water, fatty acids, and phos- 
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Fig. 3.21 Structural diagram of part of an 
amylopectin molecule. Each small block indi- 


cates a glucose unit. 


* 





Fig. 3.22 Amyloplast with two included starch 
grains, several mitochondria nearby, in endosperm 
of Haemanthus katheriniae, a South African blood- 
lily. (X about 17,000.) (Electron micrograph by 
Peter K. Hepler.) 


phate compounds, may be chemically com- 
bined with the starch or merely associated 
with it, according to the circumstances and 
the kind of plant. 

Another form in which food is stored 
is fat. The formation of fats from carbohy- 
drates requires a series of chemical changes, 
of which the final step is the combination 
of one molecule of glycerin with 3 mole- 
cules of fatty acid (see p. 17). Energy is 
used in the formation of glycerin and fatty 
acids from carbohydrates and is retained 
in the molecule when these are combined 
to form fats. The respiration of fats, there- 
fore, releases more energy than the respira- 
tion of the same amount (by weight) of 
carbohydrates. Fats are commonly stored 
as globules in certain leucoplasts (called 
elaioplasts) or free in the cytoplasm. Fats 
and other lipids also occur in colloidal form 
as part of the living cytoplasm. 


Food may also be stored in the form 
of protein. Stored protein may exist as 
small crystals or granules in certain leuco- 
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Fig. 3.23 Cells of endosperm of coconut: left, cut parallel to the surface (X400); right, 
cut perpendicular to the surface (X250). The large globules are oil and the small granules 
are protein. (From W. H. Brown, The plant kingdom, copyright 1935 and 1963; courtesy 


of Ginn & Company, Boston.) 


plasts (called proteinoplasts) or free in the 
cytoplasm or cell sap. It is also frequently 
found in semiliquid globules, alone or with 
fats. Stored protein is commonly used as a 
building material for new protoplasm 
rather than for respiration. As might there- 
fore be expected, it is especially likely to be 
found in specialized structures, such as 
seeds, which must draw on reserve foods 
for growth. 

Still other substances are sometimes 
stored as food. In some seeds, in particular, 
hemicelluloses are withdrawn from the cell 
wall and respired during germination. 
Sweet corn is sweet because much of the 
carbohydrate in the grain is stored as sugar 
rather than starch. 


DIGESTION 


Digestion is a chemical process by 
which insoluble or not readily diffusible 
foods are rendered more soluble or more 
readily diffusible. It is ordinarily a hydrol- 
ysis reaction, in which water is used, and 
large molecules are broken down into 
smaller molecules. A small amount of 
energy is released in digestive hydrolysis, 


but it is released in packages too small to 
be captured metabolically (1.e., it cannot 
generate the formation of ATP from ADP 
and phosphate ion), and the quantity 1s so 
negligible that it is customarily said that 
digestion does not involve the use or re- 
lease of energy. l 

The chemical reactions in digestion 
are essentially the opposite of the reactions 
by which the substances digested were 
originally formed from less complex sub- 
stances. Polysaccharides eventually yield 
monosaccharides when digested, although 
the process may be interrupted at any in- 
termediate stage, as, for example, at the 
disaccharide level. The digestion of fats 
yields glycerin and fatty acids, and the 
digestion of simple proteins yields amino 
acids. The chemical equation for the diges- 
tion of sucrose may be written as 


C12 H2201: + H:O — > C.Hy205¢ + 


sucrose glucose 


CgH4.0¢. As we have noted earlier, glucose 
fructose 

and fructose have the same empirical 

formula, but there are slight differences in 

the way the atoms are arranged. The equa- 
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tion for the digestion of maltose, another 
disaccharide, is exactly the same as that for 
sucrose, except that two molecules of glu- 
cose (and no fructose) are produced. 

Digcstion, like other chemical pro- 
cesses in the cell, requires particular en- 
zymes. Two different enzymes are needed 
to digest the amylopectin fraction of 
starch, one for the detachment of succes- 
sive ordinary links in the chain, and an- 
other for the branch points. The enzymes 
involved in the digestion of starch are col- 
lectively called amylase and have also been 
called diastase. 


ELEMENTS NECESSARY FOR PLANT 
GROWTH 


From the preceding discussion of cell 
structure and metabolism, it can be seen 
that several different chemical elcments 
are necessary to the proper function or to 
the very existence of plants. Ten of these 
elements are ordinarily needed in sufficient 
quantity that their necessity is easily dem- 
onstrated by attempting to grow plants in 
an otherwise satisfactory artificial environ- 
ment from which the test element is ex- 
cluded. These are carbon (C), hydrogen 
(H), oxygen (O), nitrogen (N), sulfur 
(S), phosphorus (P), magnesium (Mg), 
potassium (K), iron (Fe), and calcium 
(Ca). All these, with the probable excep- 
tion of calcium, are believed to be neces- 
sary for all plants. The necessity of cal- 
cium for some of the fungi, bacteria, and 
algae is doubtful. A simple mnemonic de- 
vice to keep all these ten elements in mind 
is the phrase, “C HOPK’NS CaFe Mighty 
good,” in which each elcment is repre- 
sented by its chemical symbol, except 
magnesium, which is represented by 
“Mighty good.” , 

Four other elements, aluminum (Al), 
chlorine (Cl), silicon (Si), and sodium 
(Na), are usually prescnt in considerable 
quantity in plant cells. The necessity of 
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these for-plants in general remains to be 
demonstrated, but sodium is necessary to 


‘the growth of certain marine algae; sili- 


con is necessary for the normal develop- 
ment of diatoms, although they can be 
grown in culture without it; and there is 
some evidence indicatıng that traces of 
both chlorine and aluminum are necessary 
for at least some of the higher plants. 

In addition to the ten macrometabolic 
elements (i.e., those necessary in appreciable 
quantity for metabolism) and the four 
cther elements usually present in some 
quantity but perhaps not necessary, sev- 
eral other elements are necessary in minute 
quantities for the growth of some (or all) 
plants. These are known as trace elements. 
All the currently known trace elements are 
toxic if present in more than minute 
amounts. Very careful experimental work 
is required to demonstrate the necessity 
of thesc trace elements, since they are usu- 
ally present as impurities in the other sub- 
stances used to set up the artificial en- 
vironment; and even if they are rigorously 
excluded from the artificial environment 
they may be already present in the test 
plants in sufficient quantity to last for the 
duration of the experiment. It is sometimes 
necessary to grow plants in the artificial 
environment for several consecutive gen- 
erations before the effects of lack of the 
test element appear. 

Six trace elements are now gencrally 
admitted to be necessary for the growth 
of most or perhaps all plants. These are 
Doron (B), cobalt (Co), copper (Cu), 
manganese (Mn), molybdenum (Mo), 
and zinc (Zn). Gallium (Ga) also seems 
to be necessary as a trace element for some 
kinds of plants, and further work may well 
enlarge the list of plants for which it is 
necessary. In some of the bacteria, at 
least, vanadium can substitute for molyb- 
denum. It is probable that there will be 
additions in the future to the list of nec- 
essary trace elements. 

One other element, selenium (Se), is 


necessary in considerable quantity for the 
growth of a few kinds of plants (Fig. 3.24), 
but it is toxic to many others. It is quite 
probable that each of several other ele- 
ments may be required (perhaps only in 
traces) by some plants-but not by others. 
Students aware of the-fluoridation of pub- 
lic water supplies in many localities may 
already be acquainted with the concept of 
necessary trace elements which are poison- 
ous in larger quantities. 


FUNCTIONS OF THE NECESSARY ELEMENTS 


Most of the essential elements have 
several or many functions in plant metabo- 
lism. Some of these functions are fairly 
well understood, especially for the macro- 
metabolic elements, but others are more 
obscure. Some functions are merely infer- 
red from the symptoms of lack of the ele- 
ment in question. 

Carbon is the essential element for all 
organic compounds, and a very large pro- 
portion of these also contain hydrogen and 
oxygen. All proteins contain nitrogen, and 
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Fig. 3.24 Stanleya elata, in Death Valley, Cali- 
fornia. This plant requires selenium. (Photo cour- 
tesy of Rupert C. Barneby.) 
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many of them (including some essential 
ones) contain sulfur. 

Phosphorus is an essential constituent 
of nucleic acids. It also plays an essential 
role in the transfer of energy within the 
cell (including both photosynthesis and 
respiration) because it is a necessary con- 
stituent of ATP. Phospholipids, which 
affect the permeability of the plasma mem- 
brane, contain some phosphorus. 

Magnesium is present in chlorophyll 
and is also necessary for some plants which 
do not contain chlorophyll. Magnesium is 
involved in some way in phosphorus me- 
tabolism, and magnesium ions are necess- 
ary for the proper function of some of the 
essential enzymes. 


Iron is an essential constituent of 
some of the enzymes necessary for ordinary 
respiration. It is also necessary for the 
formation of chlorophyll, although it is not 
present in the chlorophyll molecule. 

Calcium is involved in nitrogen me- 
tabolism. It also enters into a number of 
compounds in the cell, probably including 
nucleoproteins. Multicellular plants ordi- 
narily contain caleium in the middle 
lamella; it is the reaction with calcium 
(and often also magnesium) whieh 
changes the pectic substances of the matur- 
ing middle lamella from a jelly to a 
cement. For reasons not yet fully undcr- 
stood, calciurn deficiency leads to the 
breakup of the nuclear membrane, plasma 
membrane, and vacuolar membrane. 

Potassium is certainly necessary for 
growth, but, unlike the other macromcta- 
bolic elements, it is not definitely known to 
be a component of essential organic com- 
pounds. Potassium ions appear to be 
necessary to the action of certain enzymes. 
Sodium can partly, but not wholly, replace 
potassium in metabolism. 

Probably all of the trace elements 
(plus those which are necessary only in 
traces but oecur in larger amounts) are 
either contained in or necessary to the 
formation of certain enzymes. Boron is in- 


54 INTRODUCTORY BOTANY 


volved in calcium and potassium metabo- 
lism and may also be involved in protein 
synthesis. Insufficiency of boron also leads 
to the accumulation of phenolic acids, fol- 
lowed by necrosis (local death of tissues) 
and ultimate death. Cobalt is a constituent 
of vitamin By2, an enzyme which appears 
to be necessary for nearly all organisms. 
Copper is prescnt in some of the respir- 
atory enzymes. Manganese is involved in 
iron metabolism and nitrogen metabolism, 
and manganese ions are necessary for the 
action of certain enzymes in photosynthesis 
and others in respiration. Molybdenum is 
involved in nitrogen metabolism. The fixa- 
tion of atmospheric nitrogen by some of 
the bacteria requires the presence of either 
molybdenum or vanadium. Zinc is neces- 
sary to the synthesis of indole acetic acid 
(an important growth-regulating sub- 
stance) and 1s probably present in some of 
the essential respiratory enzymes. 

Selenium belongs to the same chem- 
ical group as sulfur and can substitute for 
it in certain compounds. It probably sub- 
stitutes for sulfur in some of the proteins 
of those plants for which it is an essential 
element, and its toxic properties for other 
organisms probably depend on this same 
substitution. 
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Series of photomicrographs showing mitosis in living, unstained cells of endosperm 
of Haemanthus katheriniae, a South African blood-lily. (Courtesy of Andrew S. Bajer; 
some of these photomicrographs were published by Andrew S. Bajer and Jadwiga 


Mole-Bajer in Chromosoma 27: 452-453. 1969, copyright by Springer-Verlag, 
Berlin-Heidelberg-New York.) 
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MITOSIS 


INTRODUCTORY SUMMARY 


Increase in number of cells is brought 
about by the division of existing cells. In 
typical cell division the ehromatin material 
of a cell is precisely divided into two 
equal parts, and the cytoplasm is more 
roughly divided into two essentially simi- 
lar parts, giving two daughter cells which 
are initially alike. 

The process which results in the pre- 
cise division of the chromatin is called 
mitosis, and the process which results in 
the division of the cytoplasm is called 
cytokinesis. With the notable exception of 
many fungi and some algae, mitosis and 
cytokinesis are usually closely associated, 
and the term mitosis is often loosely used 
to eover the whole process of mitotie cell 
division, including cytokinesis. Among ani- 
mals, and among some plants, cytokinesis 
is ordinarily accomplished by the simple 
constriction, or furrowing, of the cytoplasm 
into two parts, but among most plants it 
(cytokinesis) ordinarily occurs by the 
formation of a distinct transverse mem- 
brane, the cell plate, which eventually be- 
comes the middle lamella between the two 
daughter cells. 
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Cell division was noted by a number 
of observers in 1830’s, and in 1847-48 the 
German botanist Wilhelm Hofmeister 
(1824-1877) described much of the mitot- 
ic process, but without understanding its 
significance. A more complete understand- 
ing of the essential features of mitosis de- 
veloped from the separate contributions of 
several men during the years 1873-1884. 
Subsequent improvement in understanding 
has consisted of refinement and the filling 
in of details. 

The time occupied by the mitotic pro- 
cess varies according to the kind of organ- 
ism, the kind of cell, the temperature, and 
other environmental conditions, but it 1s 
usually from 1/2 to 2 hours. Mitosis may 
occur at any time of the day or night, but 
in some cells of certain kinds of plants 
there is a tendency toward a daily rhythm, 
with more mitoses occurring at one time 
of day than at others. 

It is customary and convenient to 
divide mitosis into four stages, called, in 
order of occurrence, the prophase, the 
metaphase, the anaphase, and the telo- 
phase. This is merely a convenient division 
of a process which is continuous from be- 
ginning to end. 

It should be emphasized that the di- 
vision of ‘the chromatin material which 


Fig. 4.1 Mitosis. Series of di- 
agrams showing mitosis in a 
cell with six chromosomes. A, 
interphase; B, early prophase; 
C, late prophase; D, metaphase; 
F, anaphase; F, late anaphase 
verging toward telophase; G, 
late telophase; H, interphase. 


occurs in mitosis is equal qualitatively as 
well as quantitatively. Mitotic cell division 
is a means of increasing the number of 
cells without changing their hereditary 
potentialities. 


THe PROPHASE 


The prophase is the part of mitosis in 
which the chromonemata are modified in- 
to shorter, thicker chromosomes which can 
be visually recognized under the micro- 
scope as separate bodies. The processes oc- 
curring in the assumption of this short, 
thick shape are not fully understood, but 
they include a compound coiling of the 
chromonemata and the appearance of a 
matrix or core of simple protein (of a type 
called histone) in which the chromonema 
is embedded, or around which the chromo- 
nema is wound in a close spiral. ‘The coil- 
ing process has been roughly compared to 
what happens when a piece of string 1s 
twisted until it coils upon itself. Each 
chromosome, as seen in late prophase, has 
its own characteristic shape and consists of 
two equal, parallel bodies, called chroma- 
tids. Each chromatid consists of two 
strands which may be considered as half- 
chromatids. 

The nucleolus generally disappears 
during late prophase, approximately at the 
same time that the transformation of the 
chromonemata into definite chromosomes 
is taking place; but there is probably no 
direct relationship between the two events. 
In some kinds of plants the nucleolus re- 
tains its identity throughout, merely pinch- 
ing in two during early anaphase. 

During late prophase a characteristic 
bipolar structure called (because of its 
shape) the spindle is formcd in or around 
the nucleus. In certain kinds of plants the 
nuclear membrane gradually shrinks inward 
before its eventual disappearance toward 
the end of the prophase, and the spindle 1s 
formed outside the membrane, coming to 
occupy the space formerly enclosed by the 
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membrane. In others the spindle is formed 
entirely within the nuclear membrane, 
which does not shrink significantly before 
its disappearance. 

The spindle is composed of numerous 
longitudinally oriented fibrils, each consist- 
ing of one to several or many, sometimes 
more than 100, microtubules in a cluster. 
The larger ones of these clusters are visible 
with the light microscope as the spindle 
fibers. Recent studies by J. R. McIntosh 
(1939- ) and Peter K. Hepler (1936- 

) indicate that just before prophase 
the microtubules are largely concentrated 
near the nucleus, but randomly oriented 
and not clustered (Fig. 4.2). During the 
prophase the microtubules become oriented 
parallel to each other (Fig. 4.3), forming 
the familiar spindle, and many of the 
microtubules become clustered in groups to 
form the visible spindle fibers. Probably 
some new microtubules grow out from the 
poles (or from the centriole, in those cells 
which have centrioles) and contribute to 
the formation of the spindle. 

Toward the end of the prophase, more 
or less coincident with the formation of 
the spindle, the so-called tractile fibers be- 
gin to form. Each tractile fiber consists of 
a cluster of microtubules, much as do the 
spindle fibcrs. Two tractile fibers develop 
from each chromosome; one leads from one 
chromatid to one pole of the spindle, and 
the other leads from the other chromatid to 
the other pole of the spindle. The fiber 
grows in length, probably by the addition 
of new material at the base (the point of 
origin) and progresses eventually to the 
spindle pole. 

The formation of each tractile fiber 
generally begins on the chromosome at a 
specialized point, called the centromere. 
The centromere may lie at any point along 
the length of the chromosome, and it has 
the same position in corresponding chro- 
mosomes of different cells in the same or 
different individuals of any given kind of 
plant. In certain kinds of plants, however, 
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Fig. 4.3 View just outside the nucleus, showing longitudinally oriented microtubules 
(beginning of spindle formation) at end of prophase in endosperm of Haemanthus 
katheriniae. (X about 3500.) (Electron micrograph courtesy of Peter K. Hepler.) 


mutual gliding of microtubules which have 
the head (first-formed) ends pointing in 
opposite direetions, but it remains to be 
seen whether their ideas will be substanti- 
ated by further evidence. In any case the 
two chromatids of a chromosome separate 
during anaphase and move toward opposite 
poles of the spindle. Usually the separated 
parts appear to be dragged by the tractile 
fibers, with the ends lagging behind the 
centromere. 

As soon as the two chromatids of a 
chromosome become separated during the 


anaphase of mitosis, each chromatid is 
considered (as a matter of terminology} to 
have advanced to the rank of a chromo- 
some. Eaeh chromatid as seen in prophase 
and metaphase is also composed of dupli- 
cate halves, and these half chromatids are 
likewise advanced during anaphase to the 
rank of chromatids. 

The spindle often elongates during 
the anaphase, so that the poles to which 
the chromosomes migrate become more 
widely separated. As the chromosomes ap- 
proach the poles, the tractile fibers pro- 
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Fig. 4.4 Portion of nucleus at end of prophase in endosperm of Haemanthus, showing, 
top to bottom, progressively higher magnifications of portions of chromosomes, micro- 
tubules of the spindle, and microtubules developing from the centromere of the chro- 
mosome. (X about 5000, about 11,000, and about 28,000.) (Electron micrographs cour- 


tesy of Peter K. Hepler, J. R. Mcintosh, and S. Cleland, from an article in press in 
1970 in J. Cell Biology.) 
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Fig. 4.5 Face view of metaphase plate in root 
tip squash of Orontium aquaticum, an eastern 
American member of the family Araceae, showing 
26 chromosomes (13 pairs). (Photo courtesy of 
John Grear.) 





Fig. 4.6 Section of onion root tip, showing a 
cell in late anaphase. (Courtesy CCM: General 
Biological, Inc., Chicago.) 


gressively shorten. It has been suggested 
that the tractile fibers are progressively de- 
polymerized and dissipated at the poleward 
end, in a process that is essentially the re- 
verse of their initial formation. However, it 
is still debatable whether this shortening 
and dissipation of the fibers directly causes 
the migration of the chromosomes, or re- 
sults from the reciprocal gliding move- 
ments as postulated by McIntosh and 
Hepler. 


CELL DIVISION 61 


THe TELOPHASE 


The telophase is the part of mitosis 
in which each of the two groups of chro- 
mosomes (one group at each pole of the 
spindle) is formed into a distinct nucleus 
similar to the nucleus that existed at the 
beginning of the mitotic process. ‘The pro- 
cesses in telophase are in large part the 
reverse of those occurring in prophase. A 
nuclear membrane appears around the 
group of chromosomes. The matrix of the 
chromosomes disappears, and -the chromo- 
somes without the matrix uncoil and are 
transformed into the slender, tangled 
chromoncmata which form a quasi net- 
work. The nuclear sap and the nucleolus 
reappear, in general more or less coinci- 
dently with the disappearance of the 
chromosomal matrix. As the daughter 
nuclei develop, the spindle becomes shorter 
and broader, and eventually it disappears. 


THE INTERPHASE 


The time between the end of telo- 
phase and the beginning of the next pro- 
phase is often called the interphase. Some 
of the essential preliminaries to the next 
mitosis occur during the interphase, but 
the interphase is not itself a part of mitosis. 
Each daughter chromosome, as seen in the 
later stages of mitosis, consists of two 
chromatids. Eaeh chromatid is duplicated 
and comes to consist of two strands during 
the interphase. Each prophase and meta- 
phase chromosome therefore consists of 
four strands, two making up one chro- 
matid, and two the other. 

Experiments first reported in 1957 by 
the American botanist J. Herbert Taylor 
(1916-  ), using radioactive isotopes, 
show that the duplication of chromatids 
during interphase occurs through the for- 
mation of a new strand in each case, 
rather than through the enlargement and 
splitting of existing strands. Taylor’s evi- 
dence, subsequently confirmed by others, 
further indicates that the two chromatids 
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of an anaphase chromosome are not exactly 
identical and that they separate during 1n- 
terphase. If two such paired chromatids 
are designated as A; and Ag, then a new 
Ag strand is formed against the A, strand, 
and a new A, against the A». The existing 
strands apparently act as templates against 
which the new strands are formed. Each of 
the two chromatids of the prophase and 
metaphase chromosome of the next mitosis 
thus consists of an A, strand and an Ag 
strand in close contact with each other. 


CYTOKINESIS 


Cytokinesis commonly begins about 
the middle of the anaphase and is com- 
pleted by or shortly after the end of the 
telophase. In most plants cytokinesis occurs 
by the formation of a cell plate, sometimes 
also called a phragmoplast. ‘The spindle be- 
comes shorter and broader, with new 
spindle fibers being initiated around its 
margin in the equatorial region. It must 
also undcrgo some chemical change, as 
indicated by a change in the stains or dyes 
which affect it. A thin, fluid membrane, 
the cell plate, is then formed across the 
equator of the spindle. The spindle con- 
tinues to shorten and widen, and the cell 
plate widens until the cell is completely 
divided into two parts. The remnants of 
the spindle then disappear. 

The constituents of the cell plate ap- 
pear near the equator as small, liquid or 
semuliquid vesicles, which then coalesce 
among themselves and around the spindle 
fibers. The origin of these droplets is still 
debatable. A hypothesis which has attrac- 
ted growing support is that they arise as 
detached marginal fragments of the indi- 
vidual plates (cisternae) of the Golgi 
bodies, which evidently play an important 
role in the packaging of diverse sorts of 
carbohydrates and other substances for de- 
livery to appropriate places in the cell. 

As soon as the cell plate has widened 
so as to extend from wall to wall, cyto- 
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kinesis is ‘completed, and the cell plate is 
thereafter referred to as the middle lamella. 
The principal constituent of the middle 
lamella at this early stage is pectin. As we 
have noted in Chapter 3, much of the pec- 
tin combines later with calcium and mag- 
nesium, and it may also become impreg- 
nated with other substances. 

Among animals, dnd among the 
plants which do not have definite cell 
walls (chiefly flagellated, unicellular algae), 
cytokinesis usually does not involve the 
formation of a cell plate but results instead 
from a simple constriction or furrowing of 
the cytoplasm, with the cell membrane be- 
ing progressively indented or impressed 
until division is complete. In a few of the 
algae cytokinesis proceeds by a combina- 
tion of furrowing and the formation of a 
smal] cell plate. 


WaLL FORMATION 


Soon after the completion of cyto- 
kinesis, a primary cell wall, usually com- 
posed largely of cellulose, is generally de- 
posited on each side of the middlc lamella, 
with the result that the plasma membrane 
of each cell lies against the cell wall rather 
than against the middle lamella. Often a 
sccondary wall, usually also composed in 
large part of cellulose, is laid down against 
the pnmary wall. The partition betwecn 
two adjacent cells then consists, in order, of 
(1) the secondary wall of one cell, (2) the 
primary wall of that cell, (3) the middle 
lamella, (4) the primary wall of the second 
cell, and (5) the secondary wall of the scc- 
ond cell (Fig. 4.9). As noted in Chapter 3, 
the partition, regardless of whether a sec- 
ondary wall is present or not, usually has 
numerous small perforations through which 
the cytoplasm of adjacent cells is con- 
nected. 

The cellulose which makes up the 
major part of the cell wall is believed to be 
synthesized (from glucose) and packaged 
into the characteristic microfibrils by the 
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Fig. 4.9 Diagram showing wall layers of adja- 
cent cells; i.s., intercellular space; l., lumen; 
m.l., middle lamella; p.w., primary wall; s.w., 
secondary wall. 


a bounding membrane. The prokaryotes 
(bacteria and blue-green algae) must have 
some way of dividing their chromatin 
equally during ordinary cell division, but 
their chromatin is not associated with pro- 
tein and is not organized into definite 
chromosomes. 


GENE MUTATION 


Genes consist of DNA (deoxyribo- 
nucleic acid), associated, in eukaryotes, 
with protein of a type called histone. ‘The 
detailed mechanism of gene action is con- 
sidered in Chapter 37. At this point we 
merely note that the effects of a gene in 
controlling the hereditary characteristics of 
an organism depend on the kind and 
amount of nongenic molecules which are 
produced because of its activity. Any 
change in the chemical composition or 
structure of a gene would therefore be ex- 
pected to modify the effects of that gene 
on heredity. 

Every individual gene of every chro- 
mosome must be duplicated between one 
cell division and the next. Circumstantial 
evidence strongly suggests that this dupli- 
cation of gcnes is ordinarily precise, so that 
each new gene which is formed is chemi- 
cally identical with its forebear. If, through 
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some mischance, the new gene differs in 
some respect from its forebear, the differ- 
ence is ordinarily perpetuated in succes- 
sive duplications of the modified gene. A 
change in the nature of a gene which 1s 
perpetuated in successive mitotic divisions 
is called a gene mutation. 

The rate or percentage of mutation of 
individual genes is not accurately known, 
but it is evidently low. Since a gene is 
chemically very complex, many different 
mutations are possible in any particular 
gene. As might be expected on chcmical 
grounds, the kinds of mutations affecting 
any one gene differ in their relative fre- 
quency, and the rate of detectable muta- 
tion varies in different genes. Among many 
genes the rate of detectable natural muta- 
tions in a generation is on the order of 1 
per million. A few genes have been shown 
to have notably higher mutation rates, on 
the order of 1 per 2000. The visible effects of 
mutations vary from the quite obvious to 
the barely perceptible, and it is probable 
that the effects of many mutations are so 
small as to escape notice entirely. The 
actual rate of mutation may therefore be 
considerably greater than the apparent 
rate. 

The rate of mutation can be increased 
by exposing the organism to extremes of 
environmental conditions, or by various 
kinds of radiation, notably X rays. Al- 
though cosmic radiation may be responsi- 
ble for some natural mutations, plants pro- 
tected from cosmic rays by lead shielding 
continue to mutate. Living substance is so 
complex and unstable that mutations 
should be expected even without the up- 
setting influence of external factors. The 
wonder is not that mutations occur but 
rather that they do not occur more fre- 
quently. 

We have noted that in a living system 
there is a delicate balance of many kinds 
of compounds in a state of continuous 
chemical activity. Any gene mutation may 
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be expected to alter that balance by chang- 
ing one or more of the substances which 
are furnished to and become incorporated 
into the remainder of the protoplasm. It is 
always possible that the change might be 
favorable to the continued survival of the 
organism, but the greater likelihood is that 
it would be unfavorable. It is also possible 
that a change caused by a mutation will 
modify the environmental requirements 
of an organism, without being otherwise 
inherently favorable or unfavorable, or 
that the effects of the change will be so 
slight as to be insignificant. All these 
theoretical probabilities are borne out by 
observation. Of those mutations which are 
detected, far more are harmful than bene- 
ficial; many are so minor that their effect 
on survival is problematical; and some 


4 


cause a shift in the environmental require- 
ments of the organism or in the optimum 
eonditions for survival. 
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SEXUAL 
REPRODUCTION 


Artificially induced crossing over, following X-ray treatment. (Photomicrograph 
courtesy of C. C. Moh.) 





THE NATURE OF SEXUALITY 


Reproduction, i.e., the formation of 
new individuals, occurs in a number of dif- 
ferent ways. Among unicellular organisms, 
cell division is also reproduction, since the 
two daughter cells are physiologically in- 
dependent of each other and do not re- 
main attached. Multicellular organisms 
have various means of reproduction. One 
of the simplest means is the formation of 
special reproductive cells, called spores, 
which are liberated from the organism and 
develop directly into new individuals. 
Among the algae, spores often have one or 
more slender, whip-like structures called 
flagella, which enable them to swim freely. 
Motile spores such as these are called 
zoospores, because they possess the animal- 
like feature of motility. 

Most kinds of organisms, whether 
they have any other means of reproduction 
or not, reproduce by the fusion of two dif- 
ferent cells into a single cell which de- 
velops into a new individual. Any cell 
capable of fusing with another cell to form 
a new individual organism is called a 
gamete, and the cell formed by fusion of 
gametes is called a zygote. 

Among some algae, the two gametes 
which fuse are similar in appearance and 
are therefore called isogametes. Some iso- 
gametes are so much like zoospores that 
they can be distinguished from zoospores 
only by their behavior (i.e., by the fact 
that two gametes fuse before a new indi- 
vidual develops, whereas a zoospore devel- 
ops directly into a new individual). Even 
when the gametes which fuse are similar 
in appearance, however, they are often 
chemically unlike, and there are all transi- 
tions between typical isogamy and the 
more common condition in which the two 
gametes which fuse are distinctly unlike 
(heterogamy). 

Heterogametes (morphologically unlike 
gametes which can fuse to form a zygote) 
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are commonly of two types: a small, motile 
gamete, called the sperm and a larger, non- 
motile gamete, called the egg. The zygote 
formed by the fusion of a sperm and an 
egg is called a fertilized egg. The sperm is 
the male gamete, and the egg is the female 
gamete. An individual which produces 
male gametes, but not female, is called a 
male; an individual which produces female 
gametes, but not male, is called a female; 
an individual which produces both male 
and female gametes is said to be a her- 
maphrodite. 

Fusion of isogametes is called conjuga- 
tion, and fusion of heterogametes is called 
fertilization. The term syngamy covers 
both conjugation and fertilization. Repro- 
duction by fusion of gametes (either con- 
jugation or fertilization) is called sexual re- 
production. Sexual reproduction among 
the more familiar kinds of plants and ani- 
mals always involves fertilization rather 
than eonjugation. 

When two gametes fuse, their nuclei 
generally also fuse into a single nucleus, 
but the individual chromonemata (and 
eventual chromosomes) retain their iden- 
tity. The number of chromosomes present 
in subsequent mitotic divisions is equal to 
the sum of the numbers present in the 2 
gametcs; e.g., if each of the 2 gametes has 
5 chromosomes, the number of chromo- 
somes formed during the next division of 
the zygotic nucleus is 10. It is convenient 
to refer to the gametic number of chromo- 
somes by the symbol n and to the zygotic 
number by the symbol 2n. The number 
represented by n varies, according to the 
kind of organism, from | to more than 500, 
but numbers of 3 to 50 are more com- 
mon. One complete set of chromosomes is 
called a chromosome complement, or a 
genome. Ordinarily a gamete has one 
chromosome complement, and a zygote 
has two chromosome complements. A cell 
or nucleus which has one chromosome 
complement is said to be haploid (Greek 


haploos, simple), and a cell with two 
chromosome complements is said to be 
diploid (Greek diploos, double). 

In any diploid nucleus, each chromo- 
some from one complete haploid set is 
ordinarily matched by a similar chromo- 
some from the other haploid set. Any two 
such matching chromosomes are called 
homologous chromosomes. Each of the 
chromosomes of any homologous pair car- 
ries genes affecting the same set of charac- 
ters. For every gene on a given chromo- 
some, there is ordinarily a similar gene in 
the same position on the homologous 
chromosome. Two similar genes occupy- 
ing corresponding positions on homologous 
chromosomes may be exactly identical, or, 
due to past mutation, they may differ 
slightly in their chemical structure and 
resulting effect on the organism. The 
hereditary differences among individual 
organisms are largely due to sueh genic 
differences which have arisen through mu- 
tation. If, in a given individual, the two 
comparable genes from a pair of homolo- 
gous chromosomes in a cell are exactly iden- 
tical, the individual is said to be homo- 
zygous for that pair of genes; if the two 
comparable genes are not exactly iden- 
tical, the individual is said to be hetero- 
zygous for that pair of genes. In most 
kinds of plants and animals, an individual 
diploid organism is usually homozygous for 
many gencs and heterozygous for many 
others. 


HISTORICAL SUMMARY 


Any historical summary of scientific 
development requires oversimplification. 
Scientific knowledge grows by the efforts 
of many different workers in different 
countries, and a scientist trying to solve 
some problem must frequently refer to 
papers published in several languages. Fu- 
sion of gametic nuclei in plants was first 
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reported by Eduard Strasburger in 1877, 
but Strasburger thought that the fusion 
nucleus then dissolved. It was another Ger- 
man botanist, C. J. Friedrich Schmitz 
(1850-1895), who first showed clearly, in 
1879, that the essential feature of the 
sexual process in plants is ordinarily the 
union of two nuclei to form the primary 
nucleus of the new individual. The cell 
theory, which is generally attributed to 
Schleiden and Schwann (as on page 26 
of this text), was foreseen by the French 
naturalist R. J. H. Dutrochet (1776-1847), 
who stated in 1824, “The globular cor- 
puscles which make up all the tissues of 
animals are really globular cells of extreme 
smallness. . . . Growth results from thc in- 
crease in volume of the cells, and from the 
addition of new little cells.” Dutrochet did 
not distinguish between true cells and 
other globules visible in tissues, however, 
and he was unaware of the existence of the 
nucleus. It is clear that when sufficient data 
become available to permit the formation 
of a new concept, the concept will be 
formed. If one man does not do it, another 
soon will, and similar conclusions are often 
reached independently and nearly simul- 
taneously by two or more scientists. 

The importance of sperms in stimulat- 
ing the development of the egg was sus- 
pected soon after the first observation of 
human sperm by Ludwig Hamm, a pupil 
of Leeuwenhoek. The way the sperm per- 
forms its function was not fully understood 
until two centuries later. The actual pene- 
tration of the sperm into the egg was first 
seen by the English zoologist Alfred New- 
port (1829-1907), who in 1854 reported 
his observations on the fertilization of frog 
eggs. Two years later the German botanist 
Nathanael Pringsheim (1823-1894) re- 
ported the penetration of the sperm into 
the egg in Oedogonium, a green alga. The 
fact that the penetration of the sperm into 
the egg is followed by fusion of the sperm 
nucleus with the egg nuclcus was reported 
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in 1876 by the German zoologist Oskar 
Hertwig (1849-1922); and fusion of ga- 
metic nuclei in plants was reported in 1877 
by the German botanist Eduard Stras- 
burger (1844-1912), working on Spirogyra, 
a green alga. 

It can readily be seen that if each 
repetition of the cyele of sexual reproduc- 
tion led to a doubling of the number of 
chromosomes in the nucleus of each cell, 
the number of chromosomes would soon 
increase beyond bounds. In 1883 the Bel- 
gian zoologist Eduard van Beneden (1846- 
1910) reported that the nuclei of the 
sperm and egg in the parasitic worm As- 
caris contained only half as many chromo- 
somes as the nuclei of ordinary body cells 
of the worm, and his results were soon 
duplicated in observations of other kinds 
of animals. In 1888 Strasburger demon- 
strated the existence of a similar reduc- 
tion in flowering plants, and in 1894 he set 
forth the doctrine that reduction in the 
number of chromosomes is a normal and 
regular part of the life cycle of all sexually 
reproducing organisms, balancing the in- 
crease in number brought about by ga- 
metic fusion. This principle had been for- 
seen by the German zoologist August 
Weismann (1834-1914), who in 1887 
even predicted the mechanism of reduc- 
tion. Actual discovery of this mcchanism 
was made almost simultaneously by sev- 
eral different investigators working inde- 
pendently in different countries, and it was 


elucidated in a series of papers published 
in 1890-1893. 


MEIOSIS 


THe TyricaL Merotic Process 


The process by which the number of 
chromosomes in a cell is reduced from 2n 
to n is called reduction division, or meiosis. 
Meiosis may occur at any time in the life 
cycle, depending on the kind of organism. 




















Fig. 5.1 August Weismann (1834-1914), German 
biologist, who made important contributions to 
the theory of heredity, and who foresaw the 
necessity and the mechanism of reduction divi- 
sion. 


In some algae, the first division of the zy- 
gote after fertilization is a reduction divi- 
sion, and the zygote itself is the only cell 
in the life cycle that has 2n chromosomes. 
In many other plants, as in most animals, a 
diploid body of some size is formed from 
the zygote by repeated mitotic divisions, 
and reduction division affects only certain 
special reproductive cells or tissues of the 
mature diploid organism. Among animals 
the gametes are usually the immediate 
products of meiosis, but among most plants 
the cells formed in meiosis produce (by a 
series of mitotic divisions) a haploid body 
of two to many cells, on or in which the 
gametes are eventually borne. The essen- 
tial features of meiosis are the same in 
both plants and animals, regardless of the 
point in the life cycle at which it occurs. 

Meiosis (Fig. 5.2) typically consists of 
two successive nuclear divisions (with or 
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Fig. 5.2 Diagram of meiosis, with n = 3. The chromosomes of one 
complement are blacked in, and those of the other are stippled. A, rest- 
ing stage, before meiosis; B, early prophase; C, late prophase, with 
paired chromosomes; D, first metaphase, with paired chromosomes; 
E, early anaphase, showing one possibility of segregation, F, telophase; 
G, second metaphase; H, second anaphase; I, second telophase; J, 
haploid cells after completion of meiosis. 


Fig. 5.3 Diagram of crossing over. A, a pair 
of homologous chromosomes, each consisting 
of two chromatids; B, chromosomes twisted 
together; C, chromosomes separated again, after 
exchanging parts of chromatids; D, the four 
ultimate chromosomes after completion of 
meiosis. 
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without the formation of cell walls) dur- 
ing which the individual chromosomes are 
divided only once, so that four haploid 
nuclei are produced from an original dip- 
loid nucleus. The actual reduction occurs 
during the first division, but the second 
division is also an integral part of the 
process. Any cell capable of undergoing 
meiosis is called a meiocyte. Among plants 
the immediate products of meiosis are usu- 
ally spores, and a meiocyte is therefore 
often called a spore mother cell. Spores 
formed as a result of reduction division are 
sometimes called sexual spores to distin- 
guish them from other kinds of spores. 

The prophase of the first division of 
meiosis is essentially similar to the pro- 
phase of mitosis, except that the homolo- 
gous chromosomes become associated in 
pairs. Each ehromosome becomes visibly 
double late in the prophase, just as in or- 
dinary mitosis, and a pair of homologous 
chromosomes therefore eonsists of four 
ehromatids. The chromosomes remain as- 
sociated in pairs through the metaphase. 
At anaphase the members of the pairs are 
separated; one chromosome of each pair 
moves to one pole, and the other moves 
to the other pole. Each of the daughter 
nuclei formed during the first division has 
the n rather than the 2n number of chro- 
mosomes. The first division of meiosis. is 
followed immediately by the second di- 
vision, in which the two chromatids of 
each chromosome are separated, just as in 
ordinary mitosis. As a result of these two 
divisions, which together comprise meiosis, 
the original 2n nucleus gives rise to four 
nuclei each with n chromosomes. 

The actual reduction in the number 
of chromosomes per nucleus takes place in 
the first of the two divisions of meiosis, 
inasmuch as whole chromosomes rather 
than chromatids become separated’ at that 
time and move to the poles. The second di- 
vision is essentially mitotic as regards the 
process itself, but the results differ from 
those of mitosis for this reason: when the 


two chromosomes of a pair become sepa- 
rated at anaphase of the first division of 
meiosis, they often exchange parts rather 
than separating cleanly. This crossing over, 
as the exchange is called, ordinarily in- 
volves only one of the two chromatids from 
each of the two chromosomes of a pair; of 
the two chromatids which make up a 
ehromosome, one exchanges some parts 
with a chromatid from the homologous 
chromosome, while the other remains un- 
affected. As a result, the two chromatids 
whieh make up a chromosome are no 
longer identical in all respects. An example 
for a single pair of chromosomes is shown 
diagrammatically in Fig. 5.3. 

Each of the two daughter cells formed 
in the first division of meiosis may contain 
some chromosomes whose two component 
chromatids are not identical in all respects, 
because one of the two chromatids of the 
chromosome has been affected by crossing 
over, while the other has not. The separa- 
tion of chromatids during the second divi- 
sion of meiosis may result, therefore, in 
the formation of daughter nuclei which are 
not genetically identical, and this second 
division differs in that respect from or- 
dinary mitosis. The amount of crossing 
over varies according to the size and num- 
ber of chromosomes, and according to 
other factors. In general, the fewer and 
longer the chromosomes, the more abun- 
dant the crossing over. 


VARIATIONS IN THE MEIOTIC PROCESS 


Reduction division leading directly or 
eventually to the formation of either iso- 
gametes or male gametes ordinarily follows 
the pattern just described, and the four 
cells produced from each original meiocyte 
are similar in size and function. Reduction 
division leading directly or eventually to 
the formation of female gametes some- 
times follows a slightly modified pattern, 
in which most of the cytoplasm from the 
original meiocyte is retained with one of 


the nuclei produced, and the other nuclei 
degenerate and disappear. The first divi- 
sion in such instances is similar to any 
other primary meiotic division, except that 
the cytoplasm is very unequally divided. 
The nucleus which gets only a small 
amount of cytoplasm may or may not di- 
vide again; in any case, it or its daughter 
nuclei soon degenerate. The nucleus which 
gets the larger share of cytoplasm during 
the first division divides again, just as in 
any other second meiotic division, except 
that most of the cytoplasm is again re- 
tained with one of the daughter nuclei, 
and the other daughter nucleus degen- 
erates. The original 2n nucleus thus gives 
rise to only one functional n nucleus, and 
this one functional nucleus with the re- 
duced number of chromosomes retains 
most of the cytoplasm of the original 2n 
cell; otherwise the meiotic processes lead- 
ing to the formation of female gametes are 
identical to those leading to the formation 
of male gametes. 

The production of female gametes in 
higher animals regularly follows the mei- 
otic pattern in which only a single func- 
tional haploid cell is produced from an 
original diploid meiocyte. Among plants 
this type of meiosis is less common, but 
tendencies toward it are shown by most 
of the plants in which some of the spores 
produced in reduction division are of the 
special type known as megaspotres. 


Tue Resutts or MEIOSIS 


There are two direct important results 
of meiosis. One is the obvious fact that 
the chromosome number is reduced from 
2n to n. The other is that the resulting 
nuclei, with the reduced number of chro- 
mosomes, may carry different combina- 
tions of hereditary factors and thus be 
genetically unlike. Without allowing for 
the complicating effects of crossing over, a 
relatively simple case in which n = 2 may 
be considered. The two chromosomes in 
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the diploid nucleus which are derived 
eventually from one of the ancestral ga- 
metes may be called A, and Bı, and their 
homologues, derived eventually from the 
other ancestral gamete, may be called A2 
and Be. At the metaphase of the first di- 
vision of meiosis, these chromosomes are 
arranged in pairs: A-A, and B,—Be. In 
the ensuing separation, one of the A chro- 
mosomes and one of the B chromosomes 
go to one pole, and the others go to the 
other pole. One possibility is that chromo- 
somes A; and Bı will migrate to one of 
the poles and Az and Be to the other. 
The resulting nuclei will be similar to 
those of the parental gametes from which 
the zygote was formed (except for the 
effects of crossing over). The other possi- 
bility is that chromosomes A; and Be will 
migrate to one pole and chromosomes Ag 
and B, to the other. These combinations 
are different from those of the parental 
gametes from which the zygote was formed. 
Fach of the two chromosome comple- 
ments, Ai—Be, and As-B,, has a complete 
set of genes governing the hereditary char- 
acters of the organism, but the two sets 
may not be alike in all their effects. 

The larger the number of chromo- 
somes making up the chromosome comple- 
ment, the larger the number of different 
possible chromosome combinations as a re- 
sult of meiosis. If n = 2, the number of 
possible combinations as a result of re- 
duction division is 4, these being A,—B,, 
A;-Be, Ae-Bi, and Ag—Be (crossovers still 
ignored). If n = 3, then the number of 
possible combinations is doubled: each of 
the combinations already seen for the con- 
dition in which n = 2, may exist with the 
addition of chromosome C, or Cə. If n 
— 4, the number of possible combinations 
is again doubled, and so on. Mathemati- 
cally, the number of possible combinations 
of chromosomes obtainable from normal 
meiosis may be represented as 2” (that is, 
2 to the power of n) if n represents the 
number of chromosomes in the cell after 
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reduction. In human beings, for which n 
typically equals 23, the number of pos- 
sible combinations of chromosomes obtain- 
able by normal reduction division in the 
reproductive cells of a single individual is 
223, which is 8,388,608. Inasmuch as cross- 
ing over results in the formation of chro- 
matids (and eventually chromosomes ) hav- 
ing different combinations of genes from 
those that previously existed, the effect of 
crossing over is to increase still further the 
number of possible chromosome combina- 
tions produced by reduction division. 


THE BIOLOGICAL SIGNIFICANCE 
OF SEXUALITY 


The biological significance of sexual- 
ity is clear; it produces new and different 
combinations of hereditary characteristics. 
Mutation and sexual reproduction are the 
raw materials of evolution. 

Consider two individual organisms of 
the same species, each of which has one 
beneficial characteristic not possessed by 
the other. Let one such beneficial charac- 
ter be designated as aı, and its less bene- 
ficial state as do, while the other beneficial 
character is designated as bı, and its less 
beneficial state as be. By sexual reproduc- 
tion these two beneficial characters may 
be combined in the same organism. The 
principle is the same whether the mature 
organism is diploid or haploid but is per- 
haps best introduced at the haploid level. 
One of the two original haploid organisms 
will have the constitution a,;be, and the 
other will have the constitution abı. The 
zygote formed by fusion of gametes of 
these two organisms will have the constitu- 
tion d,debibe. If the factors governing a 
and b are borne on different chromosomes, 
then reduction division from the zygote 
gives us four possible combinations of these 
factors: aıbı, dibe, deb, and debe. Two of 
these nuclei repeat the parental types, and 


the other two represent combinations dif- 
ferent from the parental types. One of the 
two combinations different from the pa- 
rental types embraces both the favorable 
characteristics from the two parents, 
whereas the other is burdened with both 
the unfavorable characteristics. If three 
pairs of characters are considered instead 
of two, and if each of these characters is 
governed by a single gene, then the num- 
ber of possible combinations of these 
characters would be eight, and so on. 
We shall see in Chapter 36 that many 
characters are controlled by groups of genes 
rather than by single genes, but this is 
merely an added complexity which does 
not change the basic situation. By gametic 
union and reduction division, new and dif- 
ferent gene combinations are obtained, 
with correspondingly different kinds of 
individuals as a result. Most organisms 
produce many more offspring than can 
possibly survive, and the resulting competi- 
tion for survival gives an opportunity for 
the more suitable gene combinations to be 
perpetuated. The mechanism of evolution 
will be further discussed in Chapter 38. 


SUMMARY 


Among the higher animals, including 
man, sexual reproduction is associated with 
the differentiation of distinctly male and 
female individuals, and in common usage 
this differentiation is considered the essen- 
tial feature of sexuality. When some of 
the simpler kinds of organisms are also 
considered, however, an expanded concept 
is useful and proper. The most nearly char- 
acteristic feature of sexuality, in the broad 
sense, is the regular, alternating doubling 
and halving of the number of chromo- 
somes in the nuclei. The doubling results 
from fusion of gametes; the halving is 
brought about by meiosis. Reduction di- 
vision (meiosis) is just as much a part of 


the sexual cycle as is gametic fusion. Sexual 
reproduction results in the formation of 
new and different combinations of existing 
genes. The appearance of new characters 
(or the modification of existing ones) by 
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gene mutation, and the formation of new 
and different combinations of existing 
characters by sexual reproduction, together 
constitute one of the most important 
forces in the march of organic evolution. 
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TO TAXONOMY 


Broom rape, Orobanche uniflora, a root parasite. (About twice natural size.) The family 
Orobanchaceae is a group of parasitic flowering plants which lack chlorophyll. Some 
members of the closely related family Scrophulariaceae, such as Indian paint brush 
(Castilleja), are partial root parasites, but still have chlorophyll. Other members of the 
Scrophulariaceae, such as the common snapdragon (Antirrhinum majus), are wholly 
autotrophic. (Photo by Hugh Spencer, from National Audubon Society.) 





PRINCIPLES OF CLASSIFICATION 


INTRODUCTION 


The diversity among living things is 
almost infinite. No two individuals are 
exactly alike in all details. Sometimes the 
differences between two individuals of 
very unlike appearance can be bridged by a 
series of other individuals, each differing 
so slightly from the next that there is no 
apprcciable gap in the series. On the other 
hand, the variability among living things 
as a whole is not continuous but exhibits 
many distinct gaps of various sizes. The 
job of the taxonomist, or systematic biolo- 
gist, is to organize the knowledge of the 
diversity and variability among organisms 
into a system of classification which re- 
flects their evolutionary origin as well as 
their similarities and differences. Most tax- 
onomists believe that a proper system must 
necessarily reflect evolutionary relation- 
ships. If a scheme of classification based on 
the presently available and necessarly limit- 
ed information is in accord with evolution- 
ary relationships, then new information, as 
it is acquired, will tend to fall into place 
and be compatible with the scheme; other- 
wise not. Probable relationships are there- 
fore taken into account in the development 
of a scheme of classification. 


THE SPECIES 


Any taxonomic unit of classification is 
called a taxon (pl., taxa). The basic taxon is 
the species (pl., species). The word species 
is taken over from Latin, in which it means 
a particular kind or sort. In modern bio- 
logical usage the species are the smallest 
groups of individuals which can be recog- 
nized as groups, and which are consistently 
and persistently different from other 
groups. Among sexually reproducing or- 
ganisms, the members of a single species 
are usually capable of interbreeding freely, 
whereas interbreeding between members 


of different species is prevented or re- 
stricted by natural causes. In other words, 
a species is a particular kind of plant or 
animal, which retains its distinctness from 
other kinds in nature over a period of 
many successive generations. 

Some species are more variable than 
others. Most biologists find it helpful to 
divide many of the more variable species 
into subspecies and/or varieties, which are 
populations within the species that are per- 
sistently different enough to merit some 
notice, but which are connected to each 
other by numerous intermediate individ- 
uals. Differences which are the direct re- 
sult of the response of the individual to the 
environment are generally considered be- 
neath taxonomic notice, as are also those 
hereditary differences which are custo- 
marily reassorted in successive generations 
because of interbreeding. Errors have been 
made, and will continue to be made, as to 
whether certain differences really mark 
separate, self-perpetuating natural popula- 
tions, or whether they are merely differ- 
ences between individuals in the same in- 
terbreeding population; but these errors are 
corrected when sufficient information be- 
comes available. 

The origin of one species from an- 
other, or the divergence of a single species 
into two or more, is usually a slow process 
which takes many generations. When two 
populations of a common origin have 
achieved a degree of divergence which per- 
mits the recognition of essentially all the 
individuals as belonging to one or to the 
other population, with few or no inter- 
mediates, they are considered to have be- 
come different species. Since evolution 1s 
an ever-continuing process, there are some 
taxa which are now sufficiently distinct so 
that some taxonomists call them separate 
species, but which are so closely related 
and so evidently connected by interme- 
diate individuals that other taxonomists 
prefcr to call them parts of one species. 
There is thus room for difference of opin- 
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ion as well as for error in determining the 
limits of species, but taxonomists are 
agreed that the species is a fundamental 
natural unit. 


SUPRASPECIFIC GROUPS 


The levels of classification above the 
species show the degrees of similarity and 
evolutionary relationship among species 
and groups of species. A group of similar 
species constitutes a genus (pl., genera); a 
group of similar genera constitutes a fam- 
ily; a group of similar families constitutes 
an order; a group of similar orders con- 
stitutes a class; and a group of similar 
classes constitutes a division. The division 
is the highest (most inclusive) category 
regularly used in the classification of the 
plant kingdom, but some botanists find it 
useful to group the divisions into subking- 
doms, as is done in this text. It is custom- 
ary and useful to classify all organisms into 
only two kingdoms, the plant kingdom and 
the animal kingdom, even though the 
cleavage between the two is not sharp. 
Except that the division of plant taxonomy 
is equivalent to the phylum of animal tax- 
onomy, thc terms used for the essential 
taxonomic groups are the same for both 
plants and animals. 

The ending -phyta on a botanical sci- 
entific name indicates a division; the end- 
ing -ales indicates an order; and the end- 
ing -aceae indicates a family. Because of 
long-established eustom which antedates 
the present rules of botanical nomencla- 
ture, the names of a few families and 
higher taxa take endings different from any 
of the foregoing ones. The ending for 
classes differs in different groups, and espe- 
cially in the higher plants the usage is not 
yet stabilized. The ending -opsida is coming 
into style for classes of higher plants and is 
adopted in this text. The most common 
ending for classes of algae is -phyceae, and 
for fungi -mycetes. 

The classification of the American elm 
is as follows: 


Kingdom: Plantae 
Subkingdom: Embryobionta 
Division: Magnoliophyta 
Class: Magnoliopsida 

Order: Urticales 

Family: Ulmaceae 

Genus: Ulmus 

Species: Ulmus americana L.* 


The number of natural groups be- 
tween the division and the species may or 
may not coincide with the number of cate- 
gories given in the foregoing system of clas- 
sification, but none of the categories is 
omitted. The maidenhair tree, Ginkgo 
biloba Salisb., is so distinct from all other 
living species that it is put into an order 
all by itself. Among living plants, the order 
Ginkgoales contains only the family Gink- 
goaceae; the family Ginkgoaceae contains 
only the genus Ginkgo; and the genus 
Ginkgo contains only the species Ginkgo 
biloba Salisb. On the other hand, if more 
taxonomic categories are needed than the 
usual list provides, others can be insertcd, 
usually with the prefix sub-. A subkingdom 
is a taxon between the kingdom and the 
division; a subdivision is a taxon between 
the division and the class; a subclass is a 
taxon between the class and the order; etc. 


SCIENTIFIC NAMES 


The scientific name of any species of 
plant or animal consists of two words, usu- 
ally Latin or of Latin form. The first word 
indicates the name of the genus to which 
the species belongs, and the second indi- 
cates the particular species of that genus. 
Acer is the scientific name of a particular 
genus which includes all the maples. The 
sugar maple is Acer saccharum; the Nor- 
way maple is Acer platanoides; and the red 
maple is Acer rubrum. The second of the 


1 As explained on p. 79, it is customary in 
formal usage to add an abbreviation of the author’s 
name after the specific epithet. L. stands for Lin- 
naeus. In less formal usage, or when the species is 
well known, the author’s name is often omitted. 


two words making up the name of a spe- 
cies is called the specific epithet. A par- 
ticular specific epithet may be used only 
once within a given genus, but it may be 
used repeatedly in different genera. The 
specific epithet rubrum has been used not 
only in the genus Acer, but also in Allium 
(the onion genus), Chenopodium (thie 
goosefoot genus), and many other genera. 
By itself rubrum is merely a Latin adjec- 
tive meaning red; it is not the name of a 
plant. As a scientific name, rubrum, or any 
other specific epithet, has meaning only if 
it is linked with the name of a particular 
genus. The names of genera and higher 
taxa, however, may stand alone. he spe- 
cific epithet is usually a Latin or Latinized 
adjective, which takes its grammatical gen- 
der from that of the genus, but it is some- 
times a noun in apposition to the generic 
name. It is customary to capitalize the 
names of genera and all the higher taxa 
and not to capitalize specific epithets, al- 
though the rules of botanical nomencla- 
ture permit the optional capitalization of 
certain specific epithets. Bccause the name 
of a species consists of two words, scientific 
biological nomenclature is said to follow a 
binomial system. 

It is a general principle of botanical 
nomenclature that each kind of plant can 
have only one correct scientific name, and 
each name ean be used for only one kind 
of plant. In order to minimize the possi- 
bility of confusion resulting from the in- 
advertent use of the same name for two 
different species, the author's nanie, or 
more often an abbreviation of it, is fre- 
quently added after the specific epithet. In 
general, when two or more names have 
been used for the same species, it is the 
first name or usage which must stand, and 
subsequent ones are rejected. 


Use or LATIN FOR SCIENTIFIC NAMES 


In Roman and medieval times, Latin 
was the language of learning in Europe. 
Those who wrote at all wrote Latin, re- 
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gardless of the language they generally 
spoke. Those who wrote about plants 
naturally used Latin names for the plants. 

The use of Latin for scientific names 
has been continued, in spite of the virtual 
abandonment of Latin in other writing, 
because of several advantages. Plants are 
not limited by national or linguistic boun- 
daries, and if botanists in different coun- 
tries are to understand each other’s work, 
a plant should have the same name wher- 
ever it grows. Evcn within a single coun- 
try, common. names are unsatisfactory or 
confusing. The same common name may 
be applied to several different plants in 
different parts of the same country, or 
even in the same region, and the same 
plant may have several different common 
names in different regions or even in one 
region. A great many plants have no com- 
mon names at all. 

It is true that some common names 
coincide, at least in part, with the genera 
and species recognized by botanists. Such 
common names as spruce, fir, pine, oak, 
hemlock, ash, maple, clm, hickory, golden- 
rod, ragweed, and violet correspond in 
large part to botanical genera, and these 
names are readily converted to the bi- 
nomial system by the addition of another 
word in each case to indicate a particular 
species. Longleaf pine, jack pine, slash 
pine, sugar pine, and Norway pine are 
common names for individual species of 
the genus Pinus; and American elm, slip- 
pery elm, cork elm, and English elm are 
common names for individual species of 
the genus Ulmus. 

Even those common names which 
seem to conform to taxonomic groups can- 
not be depended on to do so, however. 
Most of the species which are called violets 
belong to the botanical genus Viola, which 
is a member of the family Violaceae, but 
the African violet belongs to the genus 
Saintpaulia of the family Gesncriaceae. 
Most of the species which are called pines 
belong to the genus Pinus; but the name 
pine is often loosely used for any of sev- 
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eral different related genera, and the Aus- 
tralian pine is Casuarina, which belongs 
to a different botanical division from the 
true pines. Cabbage, brussels sprouts, broc- 
coli, kale, kohlrabi, cauliflower, turnips, 
and black mustard all belong to the genus 
Brassica, a relationship which might be sus- 
pected from their flavor but never from 
their English common names. 

Improvements in our understanding 
of the limits of species and genera some- 
times necessitate changes in nomenclature, 
and scientific names are not always as sta- 
ble and free from confusion as might be 
desired. The difficulty is minor, however, 
compared to that which would attend any 
attempt to organize common names into a 
comprehensive and scientifically accurate 
system. 


HISTORICAL SUMMARY 


The binomial system of nomencla- 
ture, which is now used for both plants 
and animals, was established by the Swe- 
dish botanist and naturalist Carl Linnaeus 
(1707-1778), whose name is also some- 
times given as Carolus Linnaeus or Carl 
von Linné. His Species Plantarum, pub- 
lished in 1753, in which he attempted to 
name and describe all the species of plants 
in the world, is now the formal starting 
point for the scientific nomenclature of 
higher plants. Pnor to Linnaeus’ work, the 
botanical names of genera were customar- 
ily single Latin words, just as now, but the 
names of species were really short Latin de- 
scriptions, usually of several words, which 
attempted to give the characters by which 
they could be recognized. 

The convenience of the binomial as 
opposed to the polynomial system and the 
thoroughness with which Linnaeus cov- 
ered the known kinds of plants soon led to 
the general adoption of both his classifica- 
tion and his system of nomenclature. Lin- 
naeus’ classification of groups above the 
rank of genus has been abandoned, but the 
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Fig. 6.1 Carl Linnaeus (1707-1778), Swedish 
botanist and naturalist, who founded the bi- 
nomial system of nomenclature. 


binomial system of nomenclature remains, 
together with most of his genera and 
species. 

Linnaeus grouped all plants into 24 
convenient classes. He freely admitted that 
this organization did not always put the 
most similar things together, but he felt 
that knowledge was not then adequate to 
permit the establishment of a comprehen- 
sive natural system. The development of a 
natural system, in which plants are classi- 
fied according to the totality of their simi- 
larities and differences, has occupied the at- 
tention of post-Linnaean (and some pre- 
Linnaean) taxonomists to this day, and it 
is not yet satisfactorily completed. 

For more than a century after the 
publication of Species Plantarum, biolo- 
gists in general believed that each species 
had been separately created. The concept 
of organic evolution, which rapidly gained 
scientific acceptance after the publication 
of Charles Darwin’s monumental On the 
Origin of Species (see Chapter 38) in 
1859, gave new meaning to taxonomy. The 


progress that had been made toward a 
natural classification was so fully com- 
patible with the principle of evolution 
that taxonomists in general soon accepted 
the concept and made it their own. Tax- 
onomists differ as to how best to take 
account of evolutionary relationships in 
trying to establish a natural system of 
classification, but they agree that it is these 
relationships that make a natural system 
theoretically possible. 
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The basic classification of plants 
which was most widely accepted in the 
latter part of the nineteenth century and 
the early part of the twentieth century 
used certain outstanding morphological 
features to group all plants into four 
divisions: the ‘Thallophyta, Bryophyta, 
Pteridophyta, and Spermatophyta. The 
most significant differences among these 
divisions are summarized in the following 
synoptical key?: 





1. Plants without specialized conducting tissues, and not differentiated into true roots, 


stems, and leaves (the nonvascular plants) 


2. Gametangia (structures in which gametes are borne) unicellular or wanting; sporo- 
phyte (the part of the life cycle in which the cells have 2n chromosomes) not 
remaining attached to the gametophyte (the part of the life cycle in which the cells 
have n chromosomes), or the plants often asexual and thus without sporophyte and 


gametophyte generations 
3. Plants with chlorophyll 
3. Plants without chlorophyll 


1. Division Thallophyta 
la. Subdivision Algae 
lb. Subdivision Fungi 


2. Gametangia multicellular; sporophyte remain- 
ing attached to the gametophyte and more or 


less parasitic on it 


2. Division Bryophyta 


1. Plants with specialized conducting tissues (xylem and phloem) in the sporophyte, which 
is differentiated into roots, stems, and leaves (the vascular plants) 


4, Plants not producing seeds; both generations 
(the sporophyte and the gametophyte) phys- 


iologically independent at maturity 


3. Division Pteridophyta 


4. Plants producing seeds; gametophyte parasitic 


on the sporophyte 


4, Division Spermatophyta 


5. Seeds naked (i.e. exposed directly to the 
air); female gametophyte multicellular, 


with 500 or more cells (or nuclei) 


4a. Subdivision Gymnospermae 


5. Seeds encloscd in a special structure, the 
ovary; female gametophyte composed of a 


few (typically 8) cells or nuclei 


4b. Subdivision Angiospermae 


I Issa i« OT 


2 A key is any formal device to show the char- 
acters by which groups (or individuals) may be rec- 
ognized. In dichotomous, indented keys, such as are 
used in this text, all organisms under considera- 
tion are first divided into two groups, and the con- 
trasting characters of those groups are given in two 
opposing statements which start at the left-hand 
margin of the key. Each of these two groups is then 
divided into two lesser groups, and so on, until the 


ultimate categories are reached. Statements of the 
characters of the lesser groups are progressively in- 
dented under the larger groups to which they 
belong. The contrasting “legs” of a key are often 
marked by numbers as an aid to clarity. A synop- 
tical key is one which attempts to show the im- 
portant differences between the groups, regardless 
of how easy or difficult the characters may be to 
observe. 
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Fig. 6.2 The classification and relationships of plants, as presented in this text. 
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Fig. 6.3 The traditional four-division system of plant classification, superimposed on the 
system used in this text. 
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This relatively simple organization is 
readily comprehensible and has much to 
rccommend it, but it has become increas- 
ingly evident that it misrepresents some of 
the evolutionary relationships. There is so 
much diversity among the algae that all 
algologists now consider them to repre- 
sent several divisions, rather than a single 
subdivision. Seeds have originated at least 
twice, and some abundant seed-bearing 
fossils are evidently not allied to present- 
day seed plants. It is useful to retain the 
English equivalents for the names of the 
several divisions and subdivisions of the 
traditional classification, but it should be 
recognized that some of these are no longer 
considered to represent wholly natural 
groups. 


PRESENT CLASSIFICATION 


The necessity to recognize more than 
four divisions of plants is now widely ad- 
mitted, but no general agreement on a 
comprehensive new system has yct been 
attained. The treatment in this text is the 
author's own synthesis of some of the pro- 
posals which have been made. The accom- 
panying chart shows how the major groups 
here recognized compare with those of the 
older system previously referred to. Al- 
though only one of the divisions here rec- 
ognized, the Bryophyta, corresponds ex- 
actly to any of the divisions in the older 
system, most of the others now, admitted 
are also recognized, but at a lesser rank, 
in the traditional scheme. A synoptical key 
to the divisions and classes here recognized 
is presented in the appendix. 

The student should also note at this 
point that the several divisions here recog- 
nized are grouped into two subkingdoms, 
the Thallobionta and Embryobionta. The 
thallophytes, corresponding to the division 
Thallophyta of the older system and com- 
prising the first eight divisions of the pres- 
ent one, include the bacteria, molds, mush- 
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rooms, pond scums, seaweeds, etc. The 
embryophytes, corresponding to the Bryo- 
phyta, Pteridophyta, and Spermatophyta 
of the older system, and comprising the 
last seven divisions of the present one, in- 
clude all the familiar green land plants 
large enough to be individually visible to 
the naked eye. 


NUMBER OF SPECIES OF PLANTS 


The number of species of plants in 
the world has not yet been accurately de- 
termined, both because many species re- 
main to be discovered and because some 
species have unintentionally been named 
and described more than once. Probably 
not many bona fide new species of vascu- 
lar plants remain to be discovered in tem- 
perate and boreal regions, but almost every 
collecting expedition into the tropics 
brings back its quota of things not previ- 
ously known. Doubtless many species of 
fungi remain to be discovered even in 
temperate regions. 

A rough estimate of the number of 
known species is given for each class of 
plants in the following chapters. They may 
be roughly summarized here as about 25,- 
000 algae, 40,000 fungi, 20,000 bryophytes, 
10,000 pteridophytes, 500 gymnosperms, 
and 220,000 angiosperms. Adding these to- 
gether, we obtain a figure of 315,500 
species. Such a figure gives an impression 
of greater accuracy than actually exists, 
however, because the estimates in the vari- 
ous groups are not on the same scale of 
accuracy. 'The 500 species of gymnosperms 


are insignificant in relation to the probable 
error in the estimate of 220,000 angio- 
sperms. Therefore the figures of 315,500 
known species may better be rounded off 
at about 320,000. It is possible that when 
all the species of plants in the world are 
known the figure may approach half a 
million. 
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Polypodiophyta | 
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Division Spermatophyta 
Subdivision Gymnospermae 


Subdivision Angiospermae 


Division l6. Pinophyta ~~~ ae 
Subdivision | 6a. Cycadicae 
Class 1 6al. Lyginopteridopsida 
Class _— 1 6az2. Bennettitopsida 
Class 1l6a3. Cycadopsida 
Subdivision 1 6b. Pinicae 
Class 16bl. Ginkgoopsida 
Class 16b2. Pinopsida 
Subdivision 1 6c. Gneticae 
Class  lécl. Gnetopsida 2n 
Division 17. Magnoliophyta (angiosperms) 
Class 17a. Magnoliopsida (dicots) 
Class 17b. Liliopsida (monocots) 


Class Dicotyledonae 
Class Monocotyledonae 





SOME GEOLOGICAL BACKGROUND 


Under all known natural conditions, 
uranium decomposes at a uniform rate, 
forming lead which differs slightly in 
weight from ordinary lead. The length of 
time required for a given quantity of a 
radioactive element to diminish by half is 
known as its half-life. The half-life of ordi- 
nary uranium is caleulated at 4.498 billion 
years. On the assumption that the rate of 
radioactive decomposition has been as 
constant in the past as it is now, the age 
of any uranium-bearing rock can be calcu- 
lated by the uranium-lead ratio. Similar 
ratios are used for other radioactive ele- 
ments. The oldest rocks which have been 
dated by this method appear to be about 
3.6 billion years old, but calculations based 
on deep-sea deposits indicate that the earth 
as a whole is about 4.6 billion years old. 
Meteors which may owe their origin to the 
same cataclysm that produced the earth 
are also dated at about 4.6 billion years. 

Geologists divide the history of the 
earth into a number of periods and eras, 
each millions of years long. Sedimentary 
rocks from each, except the most ancient 
eras, bear characteristic fossils of plants 
and animals, so that an experienced geolo- 
gist can often recognize the geologic 'posi- 
tion of a rock by the fossils it contains. 
Recent rocks contain fossils more or less 
readily identifiable with modern species or 
genera of plants and animals. Older rocks 
bear progressively fewer fossils which can 


be identified with modern organisms, and 
a progressively larger proportion which can- 
not. The more complex kinds of plants and 
animals disappear one by one from the 
fossil record of older roeks. Rocks formed 
prior to the Cambrian geologic period, 
which began about 600 million years ago, 
seldom contain multicellular fossils, al- 
though a few of them bear what appear to 
be filamentous algae. The fine, scattered 
particles of carbon found in many pre- 
Cambrian rocks are believed to be derived 
from the bodies of bacteria and other 
minute organisms. 
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The Major Divisions of Geologic Time 


PERIOD EPOCH HOW LONG AGO DURATION 


QUATERNARY TEN 
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CENOZOIC 
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Fig. 6.4 The major divisions of geologic time and their approximate dates and dura- 
tions. As is customary in geological series, the most ancient period is seen at the bottom, 
and the most recent at the top, corresponding to the positions which would be occupied 
by rocks of these ages in a continuous undeformed series. The numbers indicate millions 
of years. Precambrian time is here truncated. 


CLASS 
SCHIZOMYCETES 


Bacteria 


Escherichia coli, the human colon bacillus, being attacked by bacteriophage. (x 70,000.) 
(Electron micrograph courtesy of T. F. Anderson.) 
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SCHIZOPHYTA. Unicellular or thalloid plants, sometimes with some 
differentiation of cells, but without differentiated tissues; nucleus of 
relatively simple structure, lacking a nucleolus and usually lacking nuclear 
membrane, generally dividing amitotically; mostly asexual, but sometimes 
with parasexual processes. Two classes, the Schizomycetes and 
Cyanophyceae, plus the viruses, of uncertain taxonomic status. 


As noted in Chapter 3, the bacteria and blue-green algae (the division Schizo- 
phyta) are sometimes collectively called the prokaryotes, in contrast to all other 
organsms (except viruses), which collectively constitute the eukaryotes. Some 
biologists would even elevate these groups to the rank of kingdoms. The more 
obvious differences between the prokaryotes and eukaryotes are as follows: 


PROKARYOTES 

Protoplasm a relatively rigid, usually non- 
vacuolate gel, relatively resistant to desicca- 
tion, osmotic shock, and thermal denatura- 
tion 

Membrane-bounded protoplasmic organelles 
lacking 

Nucleus, when present, relatively simple in 
structure, and without a bounding mem- 
brane 

Cell division amitotic 

Typical sexual processes lacking, but genetic 
material sometimes exchanged by other, 
‘“parasexual’’ processes 

Flagella, when present, of relatively simple 
structure 

Many members can use atmospheric nitrogen 


HISTORY AND DEFINITION 


Bacteria were first observed by Leeu- 
wenhock in pepper infusions which he pre- 
pared in 1676. His drawings of bacteria 
from his own teeth, made in 1683, in- 
clude examples of the three common 
shapes currently recognized in bacterio- 
logical classification. Early microbiologists 
did not usually distinguish the bacteria as 
a group from other microorganisms, and 
the term animalcule (or its equivalent in 
other languages) was rather generally ap- 
plied to all unicellular organisms and some 


EUKARYOTES 

Protoplasm typically more fluid, generally 
vacuolate, and more sensitive to desicca- 
tion, osmotic shock, and thermal denatura- 
tion 

Membrane-bounded organelles of various 
sorts present in the cytoplasm 

Nucleus with complex internal structure, and 
bounded by a definite membrane 


Cell division typically mitotic 

Typical sexual processes (with alternating 
nuclear fusion and reduction division) 
often present 


Flagella, when present, asennad 


Cannot use atmospheric nitrogen 


very small multicellular ones. The name 
Bacterium was introduced for a particular 
genus by the German biologist Christian 
G. Ehrenberg (1795-1876) in 1828, and 
the names Spirillum and Spirochaeta first 
appeared in his classification of “infusion 
animalcules” published in 1838. 

The bacteria were first recognized and 
defined as a group by the German botanist 
Karl Wilhelm von Naegeli (1817-1891), 
who proposed the name Schizomycetes for 
them in 1857. Another German botanist 
and bacteriologist, Ferdinand Cohn (1828- 
1898), who presented a comprehensive 
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study of the then known kinds of bacteria 
in 1872-1875, is often called the Father of 
Bacteriology. The same title is also often 
bestowed on Pasteur, especially because of 
his work on the pathogenic (disease-caus- 
ing) bacteria. 

Bacteria may be defined as schizo- 
phytes which do not contain phycobilin 
pigments, and which either do not con- 
tain chlorophyll or do contain chlorophyll 
but do not release oxygen as a result of 
photosynthesis. About one third of the 
kinds of bacteria are visibly pigmented 
(not necessarily with chlorophyll). The 
remainder are apparently colorless, al- 
though many of them contain small quan- 
tities of colored enzymes, such as the cyto- 
chromes. Most bacteria are unicellular, 
but some form simple or branched fila- 
ments, or even nonfilamentous colonies of 
coherent cells. Most kinds have a definite 
cell wall which is usually nitrogenous. 
Bacteria store food reserves in a number 
of forms, including droplets of fat, granules 
of protein, and especially granules of vari- 
ous kinds of polysaccharides. Both starch 
and glycogen are included in the wide 
range of polysaccharides found in diverse 
bacteria. Bacteria reproduce ordinarily by 
cell division, whieh is amitotic. Some forms 
produce spores. Transfer of genetic mater- 
ial from one cell to another has been dem- 
onstrated in a number of kinds of bacteria, 
but in all carefully studied examples the 
process is parasexual rather than truly sex- 
ual; i.e., genetic material is exchanged with- 
out the formation of a zygote. Recent evi- 
dence indicates that exchange sometimes 
occurs through a protoplasmic bridge be- 
tween contiguous cells. 


DISTRIBUTION 

Bacteria are very widely distributed, 
on and beneath the surface of the earth, 
in fresh water and in the sea, on and in 
other organisms, and on the dust particles 


4 


which float‘in the air. They do not gen- 
erally occur inside normal, healthy cells of 
other organisms, but otherwise they are 
usually found wherever food is available 
to them. Almost all naturally occurring 
organic compounds can be used as food 
by one or another kind of bacteria, and 
some can derive energy through oxidation 
of inorganic substances. Many bacteria re- 
quire free oxygen; others can use it or 
grow anaerobically without it; others are 
obligate anaerobes. Some bacteria live and 
grow at temperatures as high as 100°C. 


CLASSIFICATION 


In sexually reproducing organisms, spe- 
cles are usually interbreeding or potentially 
interbreeding populations which can be 
distinguished morphologically from other 
such populations. Neither the concept of 
interbreeding populations nor the concept 
of morphologically recognizable species is 
readily applicable to the bacteria. Bac- 
teria which are morphologically similar 
may be physiologically so different that 
they must be regarded as separate species. 
Among the pathogenic bacteria, a single 
physiological difference, caused by a single 
gene mutation, may be of critical impor- 
tance in determining the effect of the bac- 
terium on the host and vice versa. The 
fact that bacterial populations consist of 
very large numbers of individuals increases 
the likelihood that mutants may be pro- 
duced. Because of these problems, the 
definition of species in the bacteria is un- 
usually difficult, and there are wide differ- 
ences of opinion as to the total number of 
species in the class. More than 1000 species 
of bacteria are usually accepted, and many 
others have not yet been characterized. 

Nearly all species of bacteria can be 
fitted into one or another of eleven orders. 
One of these, the Eubacteriales, makes up 
more than half the class, and it is usually 
the Eubacteriales and Pseudomonadales 


which are intended when reference is made 
to “bacteria” without further qualification. 


GENERAL MORPHOLOGY AND 
CYTOLOGY , 


INTRODUCTION 


Most bacteria are unicellular, the cells 
having one of three more or less definite 
shapes: (1) spherical, (2) rod-shaped, and 
(3) spiral or corkscrew-shaped. Spherical 
bacteria (Fig. 7.1) are called cocci (sing., 
coccus); rod-shaped (Fig. 7.2) bacteria are 





ANKAN X 
Di S A x 
ENA E 
Ş Ny 
3432s > 
<5 7 
2325% ` 
Sy 


} 


3 
: 

ANEA 

BS 


CLASS SCHIZOMYCETES: BACTERIA 91 


called bacilli (sing., bacillus), or merely 
rods; and corkscrew-shaped (Fig. 7.3) bac- 
teria (except the spirochaetes) are called 
spirilla (sing., spirillum). The shape of the 
bacterial cell is a useful taxonomic charac- 
ter, but it does not by itself divide the bac- 
teria in three wholly natural groups. ‘The 
Eubacteriales range from spherical to rod- 
shaped, and all three shapes are found in 
the Rhodobacteriales. Cocci vary from 
about 0.2 to 4 microns in diameter; bacilli 
and spirilla usually resemble cocci in diam- 
eter, but are longer, sometimes as much 
as 40 microns. Cells of some of the sulfur 
bacteria are as much as 60 microns long 


Fig. 7.1 Streptococcus lac- 
tis, the sour-milk bacterium. 
(<1700.) (Courtesy CCM: 
General - Biological, Inc., 
Chicago.) 


Fig. 7.2 Salmonella typho- 
sis, the cause of typhoid 
fever. Note the long flagella. 
(<8500.) (Courtesy CCM: 
General Biological, Inc., 
Chicago.) 
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and 25 microns thick. Some of the spiro- 
chaetes are even longer, up to 500 microns, 
but are still very slender. 


THe CeLL WALL 


The cell wall of bacteria generally 
consists of two layers, the outer layer com- 
monly being the thicker. The wall is usu- 
ally nitrogenous; it was once thought to be 
composed largely of chitin, but recent 
studies indicate that proteins and protein- 
like eompounds called polypeptides (both 
formed by chemical linkage of amino acid 
molecules) are usually the principal con- 
stituents. A small proportion of lipid is 
usually associated with the proteins and 
polypeptides, perhaps as a cementing sub- 
stance, and the rcsulting wall layers have 
no evident interior structure. Various poly- 
saccharide constituents are also frequently 
associated with the other wall constit- 
uents, and in a few cases the wall is com- 
posed largely of cellulose arranged into 
micelles, just as in higher plants. 

Hexose amines are also found in the 
bacterial cell wall. They differ from hexose 
sugars, such as glucose, in having an amine 
group (i€, a small nitrogen-containing 
group, such as NHe) substituted for one 
or more of the hydroxide (OH) groups of 
the sugar. Chitin is formed by polymeriza- 
tion of a particular type of hexosc amine 
in a straight chain, just as cellulose is 


Fig. 7.3 Spirillum sp. 
(<1700.) (Courtesy CCM: 
General Biological, Inc., 
Chicago.) 


formed by polymerization of glucose mole- 
cules in a straight chain. The particular 
hexose amine which has been recovered 
from bacterial cell walls is the one from 
which chitin is formed; but in those bac- 
teria which have been carefully studied by 
modern methods the individual hexose 
amine molecules do not appear to be com- 
bined into chitin. 

The cell wall is often surrounded by 
a thick gelatinous sheath. This may form 
a discrete capsule surrounding the cell or 
may dissolve into the medium as slime or 
mucus. ‘Typically the gelatinous sheath is 
composed of polysaccharide, with different 
polysacchandes being produced by differ- 
ent kinds of bacteria, though in some bac- 
teria the capsule is proteinaceous instead. 
Phospholipids, iron compounds, and poly- 
peptides may also occur in the sheath. In 
many of the Chlamydobacteriales, or 
sheathed bacteria, the sheath encloses a 
whole filament but does not separate the 
individual cells of which the filament is 
composed. 


FLAGELLA 


Many of the bacteria are nonmotile. 
Many others swim by mcans of one, two, 
or several slendcr, thread-like or whip-like 
projections, known as flagella, which are 
generally longer than the breadth of the 
cell. The flagella commonly have a rotary 


motion, and a rate as high as 40 revolutions 
per second has been calculated in some in- 
stances. 

A bacterial flagellum usually consists 
of a single proteinaceous fibril, which in 
some species has been-demonstrated to be 
composed of a sheath and a core. The 
flagellum passes through the cell wall and 
usually terminates in a basal granule in 
the outer part of the cytoplasm. In some 
bacteria several distinct flagella are loosely 
aggregated and function as one, and in a 
few species a single flagellum, with a single 
basal granule, is composed of several 
strands, each comparable to the usual 
single flagellum. No bacteria are known 
to have the complex type of flagellum, 
with two central and nine peripheral 
strands, which is typical of flagellated cells 
in other groups of organisms. 

As noted in the discussion of those 
groups, the beggiatoas, spirochaetes, and 
myxobacteria have means of locomotion 
other than flagella. 


CYTOPLASM 


The cytoplasm of bacteria is less 
highly organized than the cytoplasm of 
higher plants. It contains nbosomcs and 
various kinds of granules, including poly- 
saccharide food reserves, but mitochondria 
and plastids are absent. There is no central 
vacuole. RNA is regularly present. A mag- 
nesium salt of a particular type of RNA 
often occurs in a layer just within the cell 
wall. Bacteria which have this layer adsorb 
and retain a stain devised by the Danish 
physician Hans C. J. Gram (1853-1938), 
and are said to be Gram-positive. Bacteria 
which do not take Gram’s stain are said to 
be Gram-negative. The actinomycetes and 
many of the eubacteria (including most 
of the spore formers) are Gram-positive; 
the other orders are generally Gram-nega- 
tive. Most fungi are also Gram-positive. 
Some other chemical characteristics of 


various kinds of bacteria appear to be- 
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correlated with the reaction to Gram’s 
stain. 


THE NUCLEUS 


The gelatinous sheath of most bac- 
terial cells retards the penetration of most 
stains and other chemicals used in cyto- 
logical studies, and chemical treatment 
which rendcrs the sheath more readily per- 
meable is also likely to disorganize the 
protoplasm. For this reason, as well as be- 
cause of their small size, bacteria were long 
thought to have no nucleus. 

More refined techniques, dating par- 
ticularly from about 1937, make it possible 
to demonstrate the existence in the bac- 
terial cell of a body which usually divides 
at about the same time as the cell, and 
which takes a stain that is commonly used 
as a test for DNA, the essential nuclear 
constituent. Sometimes this chromatin 
body divides well before the division of 
the cell, so that the cell contains two or 
more such bodies of apparently identical 
composition. ‘The existence of these DNA- 
containing bodies has now been demon- 
strated in so many kinds of bacteria that 
they can reasonably be expected to occur 
also in the kinds of bacteria which have 
not been carefully studied in that regard. 
In at least some of the bacteria the nuclear 
body apparently consists of a single chro- 
monema in the form of a ring. Unlike the 
chromonemata of eukaryotes, however, the 
bacterial chromonema evidently consists of 
DNA alone, without attached protein. 
Bacteria apparcntly do not have separate 
chromosomes, and there is nothing com- 
parable to the nuclear membrane, nucle- 
olus, and nuclear sap, which are familiar 
components of the nuclei of eukaryotes. It 
is an open question as to whether the defi- 
nition of the term nucleus should be ex- 
panded to include the chromatin bodies of 
bacterial cells. ‘Therefore bacteria do or do 
not have a nucleus, according to how 
broadly the term is defined. In any case, 
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there is some reliable mechanism for the 
regular and orderly transmission of hered- 
itary characteristics to daughter cells, since 
characteristics of a particular bacterial 
species remain about as constant as they 
do in higher organisms. In this text the 
chromatin bodies of bacteria are called 
nuclei, following common bacteriological 
practice. 


SPORES 


Many bacteria produce thick-walled 
resting cells which are highly resistant to 
such unfavorable environmental condi- 
tions as drought and extremes of heat and 
cold. Although they may not be really com- 
parable to the spores of other kinds of or- 
ganisms, these resting cells are generally 
called spores, or more specifically, endo- 
spores. 

During the formation of a bacterial 
spore from a vegetative cell, there is a 
change in the nature of some of the pro- 
teins of the protoplasm, and most of the 
protoplasmic contents other than water 
become concentrated into a relatively 
small mass around which a thick new wall 
is formed (Fig. 7.4). In some cases the 
nuclcus is transformed into a ring just 
within the spore wall. The volume of the 
spore is commonly about 4-4, that of 
the vegetative cell from which it is formed. 


Most of the water remaining in the spore 
is probably bound (by hydrophilic colloids 
or otherwise) so that it is not available 
as a medium for chemical reactions. Meta- 
bolic activities slow down to a rate at 
which they cannot be detected, and, in at 
least some cases, they evidently stop alto- 
gether—a notable exception to the general 
principle that continuous metabolism is 
characteristic of all life. Spores of bacteria 
have been sealed in containers at a high 
vacuum at the temperature of liquid 
helium (—269°- —271°C) without losing 
their power to give rise to normal, vegeta- 
tively active cells.1 Resistance of spores to 
drought is doubtless similar to their re- 
sistance to cold, relating to dehydration 
and suspension of normal metabolic activi- 
ties. 

Many bacteria can also withstand tem- 
peratures far below freezing while still in 
the vegetative state. In such cases, most 
of the bacterial population dies at or soon 
after the time of freezing, but those indi- 
vidual cells not immediately killed may 
persist more or less indefinitely, although 
they are not quite so cold-resistant as 
spores. 


1A similar state of “suspended animation” 
can now be induced in certain cells of higher 
organisms—e.g., mammalian sperm—by quick 
freezing and drying, under conditions far more 
extreme than exist in nature. 





Fig. 7.4 Bacillus cereus. Electron micrograph of thin section, showing spore formation. 


(X 44,000.) (Courtesy of George B. Chapman.) 


Heat resistance in spores is probably 
due to a combination of three factors: (1) 
an inherently high resistance of the en- 
zymes of the spore to destruction by heat; 
(2) the effect of dehydration, limiting the 
possibility of chemical reaction between 
different molecules; and (3) the demon- 
strated effect of some lipids and other pro- 
toplasmic substances in decreasing the 
susceptibility of enzymes to degeneration 
by heat. 

The physiological conditions which 
initiate the process of spore formation are 
not clearly understood. In at least some 
cases it appears that the presence of glu- 
cose within the cell tends to inhibit the 
change from vegetative to spore proteins, 
and when the supply of glucose becomes 
unusually low (corresponding to an in- 
sufhcient food supply) a mechanism is 
triggered which leads to the change of 
vegetative proteins to spore proteins and 
eventually to the formation of a spore. The 
traditional concept of sporulation as a re- 
sponse to unfavorable conditions is in a 
general scnse correct, but it has not yet 
been possible to identify the discrete fac- 
tors concerned. 

When suitable conditions for growth 
are re-established, the spore germinates, 
either immediately or after a necessary 
period of rest. Germination is a general 
term applied to the resumption of growth 
by any spore, seed, or other propagule after 
a period of dormancy. The spore swells, 
the old wall splits, and the vegetatively 
active cell, with its own new wall, is re- 
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leased (Fig. 7.5). A single vegetative cell 
(representing the complete organism) usu- 
ally gives rise to only a single spore, and 
the germination of a spore gives rise to 
only a single vegetative cell. Therefore 
spores of unicellular bacteria are not re- 
productive bodies in the usual sense. In 
this respect ordinary bacterial spores differ 
from most other bodies generally called 
spores. 

Some of the actinomycetes and 
sheathed bacteria, in which the filaments 
might well be considered to be multicel- 
lular organisms, form spores of a quite 
different types which are more distinctly 
reproductive bodies. These spores, called 
conidia or conidiospores, are produced one 
after another by the differentiation and 
separation of the terminal cell of a fila- 
ment. Each conidium can germinate and 
give rise to a new filament or system of 
filaments. Conidia are also produced by 
many fungi. A few of the actinomycetes 
produce groups of spores in sporangia at 
the ends of the filaments, much as do the 
Zygomycetes (a class of fungi). A spo- 
rangium is a case or container in which 
spores are borne. Some bacteria also pro- 
duce very small flagellated reproductive 
cells, comparable to the zoospores of algae, 
by repeated division of the protoplast 
within the wall of a single cell. 


REPRODUCTION 


Bacteria ordinarily reproduce by 





Fig. 7.5 Bacillus cereus. Electron micrograph of thin section, showing a germinating 


spore. (X 20,000.) (Courtesy of George B. Chapman.) 
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means of cell division. The cell appears 
merely to become constricted into two 
cells, and the process is commonly re- 
ferred to as fission, binary fission, or sim- 
ple fission. “Simple fission” is more com- 
plex than casual observation would sug- 
gest, however. Very often a transverse 
double membrane develops, from the mar- 
gins toward the center, before the visible 
fission occurs (Fig. 7.6). The wall is then 
deposited between the two layers of the 
membrane, progressing from the outside 
to the center. 

Growth of the daughter cells in both 
unicellular and filamentous forms is com- 
monly concentrated near the end that 
bears the new transverse wall. When 
studied by present-day techniques, the nu- 
cleus generally seems to divide merely by 
constricting into two parts, just as less 
refined techniques seem to show the whole 
cell dividing by merely constricting into 
two parts. The validity of some recent 
claims that certain bacteria have a rudi- 
mentary spindle and as many as three 
chromosomes during cell division remains 
to be confirmed. 

Under favorable conditions, bacterial 
cells may divide as often as once every 20 
minutes. Starting with a single cell, such 
a rate of reproduction would give 2 cells 
in 20 minutes, 4 cells in 40 minutes, 8 cells 
in 1 hour, 64 cells in 2 hours, 512 cells in 


3 hours, 4096 cells in 4 hours, 32,768 cells 
in 5 hours, 1,073,741,824 cells in 10 hours, 
and more than 4,000,000,000,000,000,000,- 
000 cells in 24 hours. This figure may also 
be expressed in a more convenient mathe- 
matical form as 4 X 1021. If the same rate 
of increase could be maintained for about 
three days, the volume of bacteria would 
be greater than that of the earth. Com- 
petition for space and/or nutrients soon 
limits the rate of bacterial reproduction in 
any particular instance, even if other fac- 
tors remain favorable, but the potentiality 
for rapid increase to exploit a food supply 
is obviously enormous. 


SEXUALITY 


Typical sexual processes, involving 
fusion of gametes (and their nuclei) to 
form a zygote, followed eventually by re- 
duction division, have not yet been dem- 
onstrated in the bactcria. It is abundantly 
clear, however, that some kinds of bac- 
teria do exchange genetic material. Proc- 
esses, such as those in some bacteria, which 
transfer genetic material without nuclcar 
fusion and reduction division, are some- 
times called parasexual processes. 

Sexuality has been more intensively 
investigated in Escherichia coli (an in- 
habitant of the human colon) than in any 
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Fig. 7.6 Bacillus cereus. Electron micrograph of thin section of dividing cell. (x50,000.) 
Note the partition developing from the margins toward the center. The attenuated dumb- 
bell in the middle is a “nucleus” in process of division. The cell evidently has other 
nuclei as well. (Courtesy of George B. Chapman and James Hillier.) 


other bacterium. When two strains of 
this species which differ in several charac- 
ters are grown in the same culture, types 
which recombine their characters in vari 
ous ways occur far too frequently to be 
explainable as chance mutants. Recently it 
has been discovered that the transfer of 
genetic material occurs through a slender 
tube, called a conjugation tube, that is 
formed between the two cells (Fig. 7.7). 
Present evidence indicates that the trans- 
fer is in one direction only; the donor cell 
has two nuclei, and one of these is modi- 
fied into a slender thread (comparable to a 
chromonema?) which flows through the 
tube into the other cell. ‘The subsequent 
history of the transferred nucleus is not 
yet clear, but the cell which receives it 
gives rise to a variety of recombinant types 
in the next several divisions. 

Transfer of genetic material in the 
bacteria does not always involve a con- 
jugation tube. Star-shaped clusters of four 
to seven cells of Agrobacterium tumefa- 
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ciens—the causative agent of crown gall— 
are often seen, and careful staining shows 
that the nuclear material of all the cells is 
concentrated in the area of contact. The 
cells remain rather firmly attached for sev- 
eral days and then separate spontaneously. 
Some of thc virus particles which attack 
bacteria apparently carry bacterial genic 
material from one bacterial cell to an- 
other; this phenomenon is known as trans- 
duction. Scxuality in bacteria is being 
actively investigated by a number of stu- 
dents, and a better understanding will 
doubtless be achieved in a few years. 


ABSORPTION OF FOOD 


Some bacteria require only inorganic 
nutrients, but the majority require organic 
compounds of one sort or another. Of 
these, some require only an organic energy 
source, such as glucose, and can manufac- 
ture all the other organic compounds they 


Fig. 7.7 Escherichia coli. 
Electron micrograph show- 
ing two strains, with differ- 
ent characteristic shapes, in 
conjugation. The more elon- 
gate individual at the right 
is also in process of fission. 
In this instance the genetic 
material passes only one 
way. The cell at the right 
continues to divide, without 
showing any influence of the 
other cell. The progeny of 
the cell at the left show a 
variety of types combining 
the characters of the two 
cells in conjugation; and 
new recombinant types con- 
tinue to be formed for a 
number of generations be- 
fore each line becomes 
stabilized. (x 7000.) (Courtesy 
of T. F. Anderson, E. L. 
Wollman, and François 


Jacob.) 
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need. Others require one or more organic 
compounds in addition to those used as a 
source of energy. A few kinds of bacteria 
require such a complex organic environ- 
ment that it has not yet been possible to 
culture them outside the living cells which 
they parasitize. Some bacteria which manu- 
facture their own carbohydrates from in- 
organic materials still require some organic 
compounds, especially nitrogenous com- 
pounds, from an external source. 

The more complex organic com- 
pounds, such as proteins and polysac- 
charides, which are used by many bacteria, 
must be digested before they can be ab- 
sorbed. Digestion is accomplished by en- 
zymes which the bacteria release into the 
surrounding medium. Such enzymes are 
sometimes called exoenzymes, to distin- 
suish them from endoenzymes, which are 
retained in the cell. All living cells contain 
endoenzymes, but among plants the pro- 
duction of exoenzymes is chiefly confined 
to things such as bacteria and fungi, which 
absorb food from their surroundings. The 
ability of some bacteria to cause certain 
diseases rests on their capacity to digest 
living tissues. Some of the more virulent 
toxins produced by bacteria, however, are 
by-products of their metabolism, rather 
than digestive enzymes. 


SOME TERMS DESCRIBING THE 
NUTRITION AND ECOLOGY 
OF ORGANISMS 


An organism which makes its own 
food from raw materials is said to be auto- 
trophic. Autotrophic organisms are either 
plants or stand on the borderline between 
plants and animals, and their nutrition is 
therefore said to be holophytic. Organisms 
which do not make their own food are said 
to be heterotrophic. Heterotrophic organ- 
isms may obtain their food by eating 
(ingesting) it or by absorbing it. Organ- 
isms which eat their food are either ani- 
mals or are on the borderline between 


plants and animals, and their mode of nu- 
trition is therefore said to be holozoic. 
Some heterotrophic plants which absorb 
their food use dead organic matter and are 
said to be saprophytes. Others obtain their 
food from living organisms and are said to 
be parasites. The organism that provides 
food for a parasite is called the host. The 
term parasite is also applied to animals 
which are so much smaller than their hosts 
that the depredations of any one individual 
seldom cause very serious harm. The term 
host is also commonly extended to cover 
any organism which provides “lodging,” 
i.e., a place of habitation, for another or- 
ganism. No sharp line can be drawn be- 
tween parasites and saprophytes. Some of 
the “saprophytic” wood-rotting fungi util- 
ize only the nonliving parts of their host 
and grow just as well on a log as on a liv- 
ing tree; yet they may bring about the 
death of living cells of the host, so that 
they might with some reason be called 
parasites. 

Some kinds of organisms, including 
many bacteria, are either parasitic or sapro- 
phytic, according to the circumstances. An 
organism which is usually parasitic, but 
which has the power (the faculty) of be- 
coming a saprophyte under some circum- 
stances, may be referred to as a facultative 
saprophyte. An organism which is usually 
saprophytic, but which has the power of 
becoming a parasite under some circum- 
stances, may be referred to as a facultative 
parasite. A parasite which cannot live in 
any other fashion is said to be an obligate 
parasite, and a saprophyte which cannot 
live in any other fashion is said to be an 
obligate saprophyte. Most parasitic bac- 
teria can be grown on nonliving media 
and, from a laboratory standpoint, are 
therefore facultative saprophytes. The 
term facultative saprophyte is also applied 
to autotrophs which can live as sapro- 
phytes. 

When two different kinds of organisms 
spend much or all of their lives in close 
physical association, deriving mutual bene- 


fit, they are said to have a symbiotic rela- 
tionship, and each of the two organisms is 
a symbiont. The term symbiosis is some 
times expanded to inelude all permanent 
close physical associations between two 
different kinds of organism. Symbiosis 
from which both symbionts benefit is then 
called mutualism, or mutualistic symbiosis; 
and symbiosis from which one symbiont 
benefits, to the detriment of the other, is 
called antagonistic symbiosis, which would 
include most cases of parasitism. A close 
physical relationship between two differ- 
ent kinds of organism, in which one kind 
is benefited while the other is neither dis- 
tinctly benefited nor harmed, is called com- 
mensalism. A plant which grows attached 
to some larger plant, without deriving 
nourishment from its host, is called an 
epiphyte. 

All these different terms, except holo- 
zoic, may be used to describe some bac- 
teria, or the relationships between some 
bacteria and other organisms. 


THE NITROGEN CYCLE 


INTRODUCTION 


The elements used by plants go 
through a cycle of chemical changes as 
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they are absorbed, used, and then restored 
to a form in which they can again be ab- 
sorbed. The nitrogen cycle (Fig. 7.8), in 
which bacteria play several important roles, 
is an interesting and delicately balanced 
cycle that is commonly studied in begin- 
ning botany courses. 

Most plants absorb nitrogen from the 
soil principally in the form of nitrate 
(NO3~) ions, although they can also ab- 
sorb ammonium (NH,+) ions. The plants 
use the nitrogen in the formation of pro- 
teins and other compounds, such as nu- 
cleic acids. Animals whieh eat the plants 
digest and reassemble these proteins to 
form their own proteins. 

Since nitrate ions are continually 
being removed from the soil by green 
plants, the supply of nitrates would even- 
tually be exhausted if there were no way 
of replenishing it. Neither the elaborated 
nitrogenous compounds formed by plants 
and animals nor the nitrogenous wastes 
excreted by animals are directly available 
for re-use by most green plants. The con- 
version of nitrogen from proteins and other 
nitrogenous compounds into the form of 
nitrates involves several steps and is due 
in large part to the activities of bacteria, 
although some of the earlier stages are 
also carried on by fungi. 


Animal Proteins and 


Plant Proteins —_—_—_—_———"_— Nitrogenous Wastes 
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Fig. 7.8 Principal features of 
the nitrogen cycle. 
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AMMONIFICATION 


The nitrogenous compounds of both 
plant and animal bodies and the nitrog- 
enous wastes excreted by animals serve as 
a food supply for many different kinds of 
bacteria (and fungi) which cause decay. 
Ammonia (NH3) is produced as a result 
of the decay. Some of the ammonia es- 
capes into the air and is lost to the cycle, 
but most of it reacts immediately with 
water to form ammonium hydroxide 
(NH,OH), and various ammonium salts 
are derived from the ammonium hydroxide 
without the intervention of bacteria. 

Remains of higher plants are usually 
relatively poor in nitrogen and rich in car- 
bohydrates such as cellulose. When these 
plant remains are used as food by the bac- 
teria, all the nitrogen is needed for the 
production of microbial cell material. The 
carbohydrates supply enough energy so 
that all the nitrogen can be assimilated, 
but some of the carbohydrate is oxidized in 
the process, so that the ratio of carbohy- 
drate to nitrogen is slightly decreased. An- 
other organism may then feed on the first 
organism and also on the remaining carbo- 
hydrate. It assimilates all the nitrogen and 
oxidizes more carbohydrate, again decreas- 
ing the ratio. This continues until the 
energy supply is insufficient to permit as- 
similation of all the nitrogen, and the pro- 
tein is used for energy. Protein compounds 
consist essentially of carbohydrate deriva- 
tives with amine groups attached. When 
protein is used for energy, the amine group 
is split off as ammonia, and the carbohy- 
drate derivative is then oxidized. Thus am- 
monification occurs when there is more 
organic nitrogen than can be assimilated. 
Plowing stubble under does not increase 
the nitrogen available to green plants until 
the stubble has decomposed. i 


NITRIFICATION 


Ammonium ions can be absorbed di- 
rectly by most plants and used as a source 


of nitrogen. However, ammonium com- 
pounds, when dissolved in water, readily 
produce some gaseous ammonia (NH3) 
which tends to escape into the air and be 
lost to the cycle. Oxidation of ammonium 
compounds to the more stable nitrates 1s 
brought about exclusively by the activities 
of several kinds of bacteria. The first step, 
in which ammonium compounds are used 
and nitrites (NO.— compounds) are pro- 
duced, is carried on especially by Nitro- 
somonas, a very short, flagellated, aerobic 
rod. The further oxidation of nitrites to 
nitrates is due chiefly to Nitrobacter, a 
very short, nonmotile aerobic rod. Nitro- 
bacter, Nitrosomonas, and other bacteria 
which oxidize inorganic nitrogen com- 
pounds are called nitrifying bacteria. En- 
ergy is released in the oxidation of these 
nitrogen compounds, and some of this 
energy is used by the nitrifying bacteria 
in the manufacture of their own food 
from raw materials. The nitrifying bacteria 
are thus autotrophic. Instead of using light 
as a source of energy for food manufacture, 
as do most autotrophs, they use the en- 
ergy released in the oxidation of inorganic 
nitrogen compounds. Instead of being pho- 
tosynthetic, they are chemosynthetic or, 
more precisely, chemoautotrophic. 


DENITRIFICATION 


There are several factors which in- 
crease the complexity of the nitrogen cycle. 
We have noted that nitrogen may be lost 
to the cycle by the escape of gaseous am- 
monia into the air. A number of kinds of 
bacteria bring about denitrification, a 
change essentially opposite to nitrification. 
Sometimes the denitrification proceeds to 
the formation of nitrous oxide (N2O) or 
free nitrogen, which escapes into the air 
and is lost to the cycle. 

The denitrifying bacteria are facultative 
or obligate anaerobes; they extract oxygen 
from nitrates or nitrites, rather than using 
atmospheric oxygen. Essentially what hap- 


pens is that the oxygen from the nitrates or 
nitrites is used to oxidize the hydrogen of 
organic foods, forming water as one of the 
end products. More energy is released in 
the oxidation of the hydrogen than is used 
in separating the oxygen from the nitrates 
or nitrites, so that there is a net transfer of 
energy into the metabolic system of the 
bacteria. Most denitrifying bacteria use 
atmospheric oxygen, if it is available in 
sufficient quantity, and carry on denitri- 
fication only under conditions of oxygen 
shortage. Denitrification is favored by 
poor aeration of the soil, and nitrates may 
eventually disappear from  water-logged 
soils, 


NITROGEN FIXATION 


Some of the bacteria and some of the 
blue-grcen algae differ from all or nearly 
all other organisms in their ability to use 
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atmospheric nitrogen. Some of the nitro- 
gen-fixing bacteria, as they are called, are 
saprophytes which live in the soil; others 
are symbionts which live in the roots of 
some higher plants, especially legumes. 

The two most important genera of 
free-living (i.e., nonsymbiotic) nitrogen- 
fixing bacteria are Azotobacter and Clos- 
tridium. Clostridium is an anaerobic, spore- 
forming rod. Azotobacter is an aerobic, 
non-spore-forming large rod which often 
appears so short as to be almost a coccus. 
Azotobacter is morphologically rather simi- 
lar to some of the blue-green algae, such 
as Chroococcus and Gloeocapsa, but lacks 
photosynthetic pigments. 

Many plants of the family Legumi- 
nosae, including clover, beans, peas, lu- 
pines, vetch, and alfalfa, develop charac- 
teristic swellings, called nodules (Fig. 7.9), 
on their roots. Some of the cells of these 
nodules are inhabited by bacteria belong- 





Fig. 7.9 Roots of soybean, showing bacterial nodules. (Courtesy of the Nitragin Co., 


Inc.) 
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ing to the genus Rhizobium, an aerobic, 
non-spore-forming rod (in culture), the 
cells of which usually exhibit bizarre, ir- 
regular shapes when growing in the nodule. 
The development of the nodule is appar- 
ently stimulated by growth-promoting sub- 
stances produced by the bacteria. Invasion 
by the baeteria occurs near the tip of the 
root, and some evidence suggests that each 
nodule ordinarily arises at a point where 
a branch root would otherwise be pro- 
duced. 

Different strains of Rhizobium differ 
greatly in the amount of nitrogen which 
they fix, and the same strain may vary 
according to the species of legume it in- 
habits. Nodules inhabited by the more ef- 
fective strains tend to be pink, due to the 
presence of a special type of hemoglo- 
bin called leg-hemoglobin. The function 
of the hemoglobin is obscure, as is, in- 
deed, the whole mechanism of nitrogen 
fixation. 

Some nitrogen compounds produced 
by the nodule bacteria become available 
to the host plant for the formation of pro- 
tein and other nitrogenous compounds, 
but the details of the process are not yet 
understood. Ammonia, or some compound 
which readily yields ammonia, is prob- 





ably the primary nitrogen compound pro- 
duced by Rhizobium and Azotobacter, but 
not by Clostridium. The fixation of nitro- 
gen in the nodules depends on the sym- 
biotic relationship between the bacteria 
and the host; neither of the two symbionts 
is able to use atmospheric nitrogen in the 
absence of the other. 

A number of genera of flowering 
plants in various other families also harbor 
symbiotic nitrogen-fixing bacteria in root 
nodules. Species of Alnus (alder), Myrica, 
and Elaeagnus are notable examples. Many 
of these plants characteristically grow in 
nutrient-poor or waterlogged soils with in- 
adequate supplies of available nitrogen. At 
least one genus (Psychotria, a tropical 
member of the family Rubiaceae) has a 
number of species with leaf nodules that 
contain symbiotic nitrogen-fixing bacteria. 
Nitrogen-fixing blue-green algae are dis- 
cussed in Chapter 9. 

The free-living nitrogen-fixing bacteria 
are very widespread in the soil, being ab- 
sent mainly from highly acid soils, and it 
1s probably a safe assumption that they are 
already present in any natural soil capable 
of supporting them. The symbiotic nitro- 
gen-fixing bacteria are also widely dis- 
tributed in nature, but no one strain can 


Fig. 7.10 Cross section of 
nodule on pea root. The 
deeply stained cells contain 
numerous bacteria. (Cour- 
tesy of TRIARCH INCORPO- 
RATED, George H. Conant, 
Ripon, Wis. 54971.) 
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Fig. 7.11 
uninoculated. (Courtesy of the Nitragin Co., Inc.) 


inhabit all different kinds of legumes, and 
it is often advisable to dust legume seeds 
with the proper bacteria before planting, 
especially if the particular crop has not 
previously been grown in the area (Fig. 
7.11). The legume can grow in the ab- 
sence of the bacteria, but then it has no 
special value as a soil builder. 

Leguminous crops are frequently 
grown in rotation with other crops as a 
means of restoring nitrogen compounds to 
the soil. If the crop itself is harvested and 
carried away, there may be little or no 
benefit to the soil, because the amount of 
nitrogen left in the roots may not exceed 
the amount of nitrogen absorbed from the 
soil and removed with the crop. There- 


Field of soybeans: at left, inoculated with nitrogen-fixing bacteria; at right, 
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fore the crop is frequently plowed under; 
it is then spoken of as green manure. This 
practice improves soil texture by adding 
humus as well as adding nitrogen. 


SUMMARY OF THE NITROGEN CYCLE 


The principal steps in the nitrogen 
cycle are thesc: (1) Nitrates are absorbed 
by plants and used in the manufacture of 
proteins and other orgamic nitrogen com- 
pounds. Some of the proteins produced by 
plants are consumed by animals and used 
in the formation of their own proteins. (2). 
Plant and animal proteins (and other ni- 
trogenous compounds) and nitrogenous 
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wastes are used as a source of food by decay 
bacteria and fungi, resulting in the forma- 
tion of ammonia and ammonium com- 
pounds. (3) Ammonium compounds are 
oxidized to nitrites by Nitrosomonas and 
other bacteria. (4) Nitrites are oxidized 
to nitrates by Nitrobacter and other bac- 
teria. 

The bacterial steps in the nitrogen 
cycle can be bypassed by plants which 
harbor symbiotic fungi in their roots, form- 
ing a fungus-root combination known as a 
mycorhiza (sce Chapter 25). The fungus 
absorbs complex organic nutrients from de- 
caying organic rcmains such as Icaves and 
stems, and some of the nitrogen gets passed 
on to the root of the host plant. In moist, 
tropical, forested regions most of the nitro- 
gen is probably cycled through mycorhizae 
rather than through nitrifying bacteria. 


SULFATE-REDUCING BACTERIA 


Wherever organic matter and sul- 
fates occur together in the absence of air, 
sulfate-reducing bacteria are likely to be 
found. These are slightly curved, motile 
rods which make up the genus Desulfo- 
vibrio. ‘They produce hydrogen sulfide 
(H2S) from sulfates (SO,- compounds) 
and other oxygen-containing sulfur com- 
pounds, and use the oxygen in the respira- 
tion of organic foods. Like the denitrifying 
bacteria, which reduce nitrates and nitrites, 
they obtain more energy by respiration 
than they use in extracting oxygen from 
other compounds. Desulfovibrio commonly 
occurs in subterranean petroleum deposits 
as well as in the more ordinary bacterial 
habitats. Sea water and most other salt 
waters contain sulfates, and the charac- 
teristic odor of tidal flats and salt marshes 
is due in large part to the HəS produced 
by Desulfovibrio. Hydrogen sulfide reacts 
readily with certain iron compounds to 
form black ferrous sulfide (FeS), and the 


characteristic black mud of marine inlets, 
for which the Black Sea is supposed to 
have been named, gets its color largely 
from ferrous sulfide formed in this way. 


FERMENTATION 


Each of the elements used by plants 
goes through a cycle of greater or lesser 
complexity, in which the element occurs 
over and over again in the same chemical 
combinations but is continuously con- 
verted from one to another. Some of these 
eycles are as complex as the nitrogen cycle. 
Othcrs, such as the carbon cyele, are rela- 
tively simple. Some of the carbon in plant 
bodies is used directly by animals in the 
formation of their own protoplasm, and 
some of this animal protoplasm is again 
used by other animals in the formation of 
their own protoplasm; but sooner or later 
these carbon compounds are used in res- 
piration, either by the plants which 
produccd them, or by animals, or by 
the bacteria and fungi (and occasionally 
other organisms) which cause decay. 

Typically the carbon is immediately 
released as carbon dioxide, an end product 
of respiration. Some bacteria and fungi, 
however, do not completely respire the 
carbon compounds which serve as their 
foods. ‘They bring about a partial decom- 
position of the food, which releases some 
of the energy of the food and results in 
the formation of some carbon dioxide, but 
which also results in the formation of an- 
other carbon-containing end product that 
can be further respired (by some other or- 
ganism) with release of energy. 

The type of respiration which has as 
one end product a substance that still con- 
tains chemically bound energy which can 
be released by respiration is called fer- 
mentation. Fermentation may be either 
aerobic (free oxygen being used) or ana- 
erobic (no free oxygen being used), al- 


though, as noted in Chapter 3, some plant 
physiologists would now apply the term 
only to anaerobic respiration. Many kinds 
of plants can carry on anaerobic respira- 
tion for a time under conditions of oxygen 
shortage and then aerobically respire the 
partly broken-down products of anaerobic 
respiration when oxygen again becomes 
available. It is only some of the fungi and 
bacteria which regularly carry on fermenta- 
tion and form an end product that can be 
further respired by some other kind of 
organism. 

One of the best-known fermentation 
processes is alcoholic fermentation, which 
is carried on by yeasts and will be discussed 
in Chapter 16. Another common fermen- 
tation is carried on by lactic acid bacteria, 
a diverse group which includes both cocci 
and bacilli, but which are all Gram-posi- 
tive, nonmotile, and non-spore-forming. All 
lactic acid bacteria form lactic acid as an 
end product of respiration. A chemical 
equation to express a typical set of reac- 
tions is: 


CgHi20¢>2 CHsCHOHCOOH 


simple sugar lactic acid 


+ energy. 


Some of the lactic acid bacteria, such as 
species of Streptococcus and Lactobacillus, 
commonly occur in silage, sauerkraut, and 
milk; the souring of milk and the sourness 
of silage and sauerkraut result from their 
activity. Some parasitic bacteria, such as 
Pneumococcus, also produce lactic acid 
as an end product of respiration, although 
they are not usually called lactic acid bac- 
teria. Lactic fermentation also occurs in 
animal muscles, but here the lactic acid is 
eventually oxidized to form carbon dioxide 
and water, whereas it is an end product of 
respiration of the lactic acid bacteria. 
Another fermentation process, acetifi- 
cation, is the formation of acetic acid from 
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alcohol by vinegar bacteria (Acetobacter). 
The process may be represented as: 


C.H,OH TO- > CH,COOH + H.O 


aleohol acetic acid 


+ encrgy. 


Acetic acid is the essential constituent of 
vinegar. Commercial vinegar is produced 
by allowing vinegar bactcria to act on winc, 
beer, cider, or other liquids containing 
alcohol. 


BACTERIA AND DISEASE 


Before about 1850 bacteria were not 
generally suspected of causing disease. In 
1850 two French workers noted large num- 
bers of microscopic rods in the blood of 
cattle which had died from anthrax. Later 
it was shown that these rods, now known 
as Bacillus anthracis, are living organisms 
and are regularly present in infected ani- 
mals. Final proof of the bacterial cause of 
anthrax was obtained in 1876 by the Ger- 
man physician and bacteriologist Robert 
Koch (1843-1910), who was able to obtain 
the bacteria in essentially pure culture and 
to cause the disease by injecting these bac- 
teria into the bloodstreams of cattle. Sev- 
eral years earlier Pasteur had for practical 
purposes demonstrated the bacterial nature 
of the pebrine disease of silkworms, but his 
experiments did not rigidly eliminate the 
possibility of some other interpretation. 
The first definite proof that a disease may 
be caused by bacteria is therefore gener- 
ally attributed to Koch. 

Another of Koch’s important contri- 
butions to bacteriology was the use of gela- 
tin (1881) as a solid substrate which lends 
itself to the cultivation of pure cultures 
derived from single individual bacteria. It 
is attacked by relatively few kinds of bac- 
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Fig. 7.12 Robert Koch (left) and Ferdinand Cohn (right), two of the “fathers” of 
bacteriology. (Courtesy of the New York Academy of Medicine.) 


teria, and it can be used as a carrier for 
whatever nutrients are desired. Two years 
later one of Koch’s assistants replaced gel- 
atin with agar, a polysaccharide product of 
certain algae, that is attacked by still fewer 
bacteria than is gelatin and can be incu- 
bated at higher temperatures. Agar is still 
widely used for the cultivation of bacteria, 
although a medium of silica gel is now 
sometimes used when strict control of all 
potential nutrients is desired. 

Some of the diseases caused by bac- 
teria are diphtheria, gonorrhea, leprosy, 
pneumonia, plague, scarlet fever, syphilis, 
tetanus, tuberculosis, typhoid fever in man, 
fire blight of pears, crown gall of many 
plants, and soft rot of potatoes and fruits. 
Botulism is caused by one of the most 
powerful known poisons, produced by 
Clostridium botulinum, a spore-forming 
anaerobic bacillus. The organism thrives 
on meat and other high-protein foods 
(such as peas and beans) in the absence 
of air, and the spores often survive the tem- 
peratures used in home canning. Fortu- 


nately, the poison itself is readily destroyed 
by heat, and it is therefore generally recom- 
mended that all home-canned high-pro- 
tein foods be boiled for 10 or 15 minutes 
before they are used or even tasted. The 
temperatures used in commercial canning 
of high-protein foods are high enough to 
destroy the spores of C. botulinum, and 
prior to two cases in 1963 it had been many 
years since commercially canned foods 
had been known to cause any deaths from 
botulism in the United States, 


BACTERIA AS HUMAN SYMBIONTS 


Escherichia coli, formerly called Bac- 
terium coli and Bacillus coli, is a regular 
inhabitant of the lower intestinal tract of 
man and other vertebrates. About 40 per 
cent of human feces consists of bacteria, 
mainly E. coli, and the presence of E. coli 
in milk, water, or food is used as an index 
of fecal contamination. E. coli has com- 
monly been considered chiefly’a commen- 








sal, occasionally a pathogen. It is now 
known, however, that E. coli and other 
intestinal bacteria synthesize considerable 
quantities of some of.the B vitamins and 
release these into the intestine. ‘These bac- 
teria may therefore be properly regarded as 
normally being symbionts rather than mere 
commensals. The destruction of the bac- 
terial flora of the colon by vigorous dosage 
with certain antibiotic drugs sometimes 
causes functional disturbances which sug- 
gest that the usefulness of these organisms 
in human physiology is not limited to the 
production of known vitamins. 


CHEMOSYNTHETIC 
(CHEMOAUTOTROPHIC) 
BACTERIA 


We have noted that the nitrifying bac- 
teria use, in the formation of their own 
food, some of the energy released by the 
oxidation of nitrogen compounds. The iron 
bacteria are another group of chemosyn- 
thetic autotrophs. They facilitate the oxi- 
dation of iron, and apparently use in food 
production some of the energy that is 
thereby released. One such oxidation may 
be represented as follows: 
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+ Fig. 7.13 Klebsiella pneu- 
sei moniae, one of the causes 
of pneumonia. (X1700.) 
(Courtesy CCM: General 
Biological, Inc., Chicago.) 





4 FeCQO, -+ O» -= 6 H.O — 


ferrous carbonate 


4 Fe(OH); + 4 CO2 + energy. 


ferric hydroxide 


Some iron bacteria can oxidize manganese 
as well as iron as a source of energy. There 
are two gencral types of iron bacteria. 
Gallionella, a unicellular curved rod be- 
longing to the Eubacteriales, is widely dis- 
tributed in iron-bearing waters. It produces 
a characteristic twisted ribbon of ferric 
hydroxide that is held together by some 
cement. Sphaerotilus and some other gen- 
era of iron bacteria belong to the Chlamy- 
dobacteriales; they have sheathed filaments 
which produce flagellated, motile cells re- 
sembling zoospores. Each such motile cell 
develops into a new filament, often at- 
tached laterally to an older filament, so 
that a seemingly branched filament is 
formed. The sheath becomes impregnated 
with ferric hydroxide, presumably due to 
chemical activity of the bacteria. Sphaero- 
tilus is generally found where both iron 
and organic matter are present, and, even 
though it probably makes some of its own 
food, it requires an organic source of nitro- 
gen for growth. It is frequently found in 
sewage-disposal plants and in polluted 
streams. The cell colonies or filaments of 
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Sphaerotilus and other chlamydobacteria 
approach the status of multicellular or- 
ganisms. Crenothrix polyspora, a relative of 
Sphaerotilus that often grows abundantly 
in water pipes, shows some differentiation 
of the cells that make up the filament, and 
conidia are released from the tip of the 
filament. Each of these conidia can germi- 
nate and eventually produce a whole new 
filament. 

There are two groups of autotrophic 
sulfur bacteria, one chemosynthetic, the 
other photosynthetic. The chemosynthetic 
sulfur bacteria are colorless and utilize in 
the manufacture of their food some of the 
energy released in the oxidation of sulfur. 
Some of the chemical processes relating 
to the sulfur may be represented as fol- 
lows: 


2 HS + O: — 2 S + 2 H20 + energy 


hydrogen sulfide 


2 S + 2 HO + 3 O: —> 
2 HSO, + energy. 


sulfuric acid 


Some of the chemosynthetic sulfur 
bacteria, such as Thiobacillus, are small, 
motile single cells. Some others, such as 
Hillhousia, are very large single cells, as 
much as 60 X 25 microns. The unicellular 
chemosynthetic sulfur bacteria are con- 
sidered to belong to the Eubacteriales. 
Some other chemosynthetic sulfur bacteria, 
such as Beggiatoa, are filamcntous, the fila- 
ment consisting of a scries of disk-shaped 
cells with the flat sides in contact. Fila- 
ments of Beggiatoa somewhat resemble 
those of the blue-green alga Oscillatoria, 
and they wave back and forth in similar 
fashion. Thiospirillopsis, another filamen- 
tous, colorless genus of sulfur bacteria, also 
has an oscillatorioid motion and is morpho- 
logically very similar to the genus Spirulina 
of. the Oscillatoriaceae. The filamentous 
sulfur bacteria have sometimes been re- 
garded as colorless derivatives of the blue- 
green algae, but it should be noted that 
they resemble some undoubted bacteria 


(and differ from the blue-green algae) in 
oxidizing sulfur as a source of energy for 
the manufacture of food. 


PHOTOSYNTHETIC BACTERIA 


Bacteria belonging to the Rhodobac- 
teriales differ from the Eubacteriales in 
being photosynthetic, containing chloro- 
phyll and associated carotenoid pigments. 
They vary in color from green (green bac- 
teria) to more often purple, red, or brown- 
ish (all usually called purple bacteria). 
The yellowish carotenoid pigments of the 
green photosynthetic bacteria are masked 
by the chlorophyll, whereas among the re- 
mainder of the order the chlorophyll is 
masked by the abundant carotenoids. As 
many as 10 different carotenoid pigments 
may be present in a single cell. 

There are several kinds of bacterial 
chlorophyll, all differing from the chloro- 
phylls of algae and higher plants in that 
the absorption peak toward the red cnd of 
the spectrum is shifted into the infrared. It 
now appears that the photosynthetic bac- 
teria uniformly contain a specific chloro- 
phyll known as bacteriochlorophyll, and 
often also contain one or more accessory 
chlorophylls, just as algae and higher plants 
uniformly have chlorophyll a and com- 
monly also have accessory chlorophylls. 

Bacteria do not have plastids, and 
thus the photosynthetic bacteria do not 
have chloroplasts. The photosynthetic pig- 
ments of bacteria are packaged in chro- 
matophores on the order of 100-200 A in 
diameter, which may be comparable to the 
quantasomes of higher plants. These chro- 
matophores may be scattered singly in the 
protoplast (Chlorobium), or associated in 
pairs or small groups (Chromatium, species 
of Rhodospirillum), or aggregated to form 
vesicular disks (Rhodomicrobium, species 
of Rhodospirillum) suggesting the photo- 
synthetic lamellae (thylakoids) of algae and 
higher plants. Sometimes these disks are 
stacked in sets of up to about 15, but the 
stack is not enclosed by a membrane. 


All bacterial photosynthesis differs 
from typical photosynthesis of algae and 
higher plants in that it does not release 
free oxygen. As we shall see in a later 
chapter, oxygen-releasing photosynthesis is 
believed to require two concurrent photo- 
synthetic systems, called System I and 
System IJ. Bacteria have only System I, 
and their photosynthesis is therefore rc- 
garded as more primitive than that of other 
plants. 

Many photosynthetic bacteria use sul- 
fur compounds in the photosynthetic 
process. If carbohydrate is, for convenience, 
represented by the generalized formula 
(CH2O), some of the bacterial photo- 
synthetic processes may be shown as 
follows: 
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ordinarily accumulate sulfur as a result of 
photosynthesis but can (at least in some 
cases) dispense with sulfur and utilize or- 
ganic compounds instead; and (2) the 
Athiorhodaceae (nonsulfur purple bac- 
teria), which require organic compounds 
as raw materials for photosynthesis and do 
not generally use sulfur in the process. 
Some Athiorhodaceae can also live as sap- 
rophytes in the absence of light. The Rho- 
dobacteriales thus span the gap between 
autotrophic and heterotrophic organisms. 
The ‘Thiorhodaceae are typically auto- 
trophic, but they can also use organic com- 
pounds in photosynthesis. The Athiorho- 
daceae, but not the Thiorhodaceae, also 
generally require certain organic compounds 
other than those used in photosynthesis. 


2 HS 4- CO.: + light encrgy —> (CH:0) + 25 —+- H:O, 


hydrogen sulfide 


2 S + 3 CO2 + 5 H2O + light energy —> 2 (CH2O) + 2 H2SOu, 


sulfuric acid 


4 NaeS203 + CO: + 3 H2O + light energy —> (CH2O) + 2 Na2S,O, + 4 NaOH, 


sodium thiosulfate 


‘disodium sodium 


thiosulfate hydroxide 


Na S203 lL 2 CO.: + 3 H.O -+ light CUCI Y ==> 2 (CH2O) + 2 NaHSOa,. 


sodium thiosulfate 


The first two of the foregoing reac- 
tions are the commonest. Granules of ele- 
mental sulfur accumulate in the cytoplasm 
as a result of the first reaction and are 
eventually used in the second. In some 
cases selenium can substitute for sulfur in 
the process. Some photosynthetic sulfur 
bacteria can also carry on the following 
process: 


CO, + 2 He -+ light energy ——> 
(CHO) + H20. 


Various organic compounds, such as 
propyl alcohol, can also be used as raw 
materials for photosynthesis by many or all 
of the Rhodobacteriales. The order may be 
divided into two groups: (1) the Thio- 
thodaceae (purple sulfur bacteria) and 
Chlorobacteriaceae (green bacteria), which 


sodium bisulfate 


Some of the commoner genera of the 
Thiorhodaceae are Thiopedia, Thiothece, 
and Thiospirillum. The first two of these 
are spherical to very shortly rod-shaped; 
the last is a spirillum. Rhodopseudomonas, 
with rod-shaped to spherical cells, and Rho- 
dospirillum are thc only genera of the 
Athiorhodaceae; both are common in stag- 
nant water and mud. 


ACTINOMYCETES 


The Actinomycetales, commonly 
called actinomycetes, are an order of bac- 
teria that rescmble fungi in their filamcn- 
tous, branching structure. The filaments of 
actinomycetes are much more slender than 
those of fungi, being not more than about 
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1.5 microns in diameter, as contrasted to 
3 microns or more in most fungi. The 
nuclei of actinomycetes, so far as known, 
are of bacterial nature. In some actinomy- 
cetes the filaments eventually break up into 
individual cells. In others the system of 
filaments remains intact, and conidia are 
produced at the ends of the branches, just 
as in many fungi. Actinomyces belongs to 
the former group, Streptomyces to the 
latter. The lumpy jaw disease of cattle is 
due to Actinomyces bovis. Streptomyces is 
abundant in the soil and is responsible for 
the characteristic odor of freshly turned 
earth. Several antibiotic drugs are obtained 
from species of Streptomyces: streptomycin 
from S. griseus, streptothricin from S. 
lavendulae, chloromycetin from S. vene- 
zuelae, aureomycin from S. aureofaciens, 
and terramycin from S. rimosus. The na- 
ture and biological significance of anti- 
biotics are discussed in Chapter 16. 

Like some of the sheathed bacteria, 
some of the actinomycetes are more nearly 
multicellular organisms than mere colonies 
of unicellular individuals. The actinomy- 
cetes have sometimes been considered to 
be fungi, but they are connected by a series 
of intermediate forms to undoubted bac- 
teria; moreover, they find no evident allies 
among the fungi. The family Myco- 
bacteriaceae, which includes the causative 
organism of tuberculosis (Mycobacterium 
tuberculosis), is more or less transitional 
between the Actinomycetales and Fubac- 
teriales. 


SPIROCHAETES 


The Spirochaetales are an order of uni- 
cellular bacteria characterized by their 
spiral shape and the lack of a definite cell 
wall. ‘They vary in length from about 4 to 
900 microns, the larger ones being far 
longer than any other unicellular bacteria. 
They move by flexion of the entire body, 
and some of them have flagella as well. 
Although the protoplasm is technically 


naked, in that it lacks a cell wall, it is 
bounded by a definite, flexuous, living, pro- 
teinaceous membrane. Treponema palli- 
dum (Fig. 7.14) one of the smaller spiro- 
chaetes, is the cause of syphilis. Treponema 
pertenue, the cause of yaws, is so similar to 
T. pallidum that the two can be distin- 
guished only by the diseases which they 
produce, and the two diseases confer re- 
ciprocal immunity. Infectious jaundice is 
caused by another spirochaete, Leptospira 
icterohemorrhagicae. Treponema denta- 
tum and Borrelia buccale are normal in- 
habitants of the human mouth, and at least 
the latter of these two spirochaetes can also 
invade oral and respiratory lesions. 

The spirochaetes have sometimes been 
considered to be protozoa, but they have 
no apparcnt relatives in that group. They 
are Clearly prokaryotes rather than eukary- 
otes, and their similarity in form to some 
of the spirillum type of bacteria is obvious. 


MYXOBACTERIA 


The Myxobacteriales resemble the 
spirochaetes in being elongate slender cells 
without definite walls, but the myxobac- 
teria are straight or merely flexuous and 
are either nonmotile or move slowly in an 
obscure fashion that probably involves 
protoplasmic streaming. They seem to flow 
or creep along the surface of the substrate. 
Most of them are saprophytic, but a few are 
parasites. An outstanding feature of the 
myxobacteria is their tendency to form colo- 
nies in which the individual cells are held 
together by a gelatinous gum. Most myxo- 
bacteria are red, but some are orange, yel- 
low, green, or colorless. The green pigment 
is not chlorophyll, and the plants are not 
photosynthetic. The myxobacteria are 
widely distributed in soils, particularly low- 
land agricultural soils. Many of them can 
use chitin and cellulose as food. They often 
form visible “fruiting bodies” (Fig. 7.15), 
the upper or outer parts of which eventu- 
ally break up into individual spores. In the 
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Fig. 7.14 Treponema palli- 
dum, the cause of syphilis. 
(X3000.) (Courtesy CCM: 
General Biological, Inc., 
Chicago.) 





Fig. 7.15 Chondromyces crocatus, a member of the Myxobacteriales, showing develop- 
ing fruiting bodies at 12-hour intervals. (X about 65.) (Photographs by E. A. Wheaton; 
courtesy of J. T. Bonner.) 


nature of their fruiting bodies as well as in 
the absence of a typical cell wall, the 
myxobacteria are suggestive of the myxo- 
mycetes, a group of fungi, but the two 
groups are probably not closely allied. 


ECONOMIC IMPORTANCE 


Bacteria are an integral part of the 
balance of nature and play a particularly 
important role in the nitrogen cycle. The 
rotting of meat and other foods, which 1s 


caused chiefly by bacteria and which, of 
course, represents an economic loss, 1s 
merely one aspect of the necessary nitrogen 
cycle, by which organically bound nitrogen 
is restored to a form in which it can be 
used by green plants. Bacteria are normal 
inhabitants of the digestive traets of ani- 
mals. No mammal is known to produce an 
enzyme which attacks cellulose, and the 
ability of horses, cattle, and other herbi- 
vores to digest the cellulose which makes up 
so much of their diet is due to the presence 
in their digestive tracts of certain bacteria 
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and protozoa. Some tcrmites also contain 
intestinal microorganisms (protozoa and 
bacteria) which hydrolyze cellulose. The 
relative importance of bacteria and proto- 
zoa as intestinal symbionts which permit 
the digestion of cellulose remains to be 
determined. Certain bacteria, notably Es- 
cherichia coli, are symbionts in the human 
lower intestine, where they produce sig- 
nificant amounts of some of the B vitamins. 
Bacteria carry on a number of fermentative 
processes, including lactic acid fermenta- 
tion, which results in the souring of milk, 
and acetification, which is used in the com- 
mercial production of vinegar. Bacteria 
cause many diseases of plants, man, and 
other animals, but from the standpoint of 
human economics the enormous damage 
which they cause through disease and de- 
cay is far outweighed by their value in 
the nitrogen cycle and as intestinal sym- 
bionts. 


EVOLUTIONARY ORIGIN AND 
RELATIONSHIPS 


The bacteria very probably represent 
the most primitive group of living organ- 
isms, a group from which all other kinds 
of organisms are eventually descended. The 
origin of the bacteria themselves is ob- 
scure. According to the most widely (but 
only tentatively) accepted hypothesis, or- 
ganic matter was first formed by happen- 
stance chemical reactions promoted by 
ultraviolet light and taking place in the 
fresh (not yet salty) water of the sea. In 
the absence of any destroying or consum- 
ing agent, the organic molecules very grad- 
ually accumulated, and reactions among 
them led to the formation of larger mole- 
cules. Electrochemical attractions might 
reasonably be expected to hold some of 
these molecules together as colloidal par- 
ticles. When such an aggregation of mole- 
cules came to include the proper chemical 
compounds to promote the formation of 


additional such compounds from the less 
complex organic substances in the sur- 
rounding medium, the first organism came 
into being. Under this concept, the first 
organisms were heterotrophic. Increase in 
the number of such primitive organisms 
may have occurred simply by the failure of 
the mass to hold together as its volume 
increased. 

As more and more of the previously 
formed organic molecules became incor- 
porated into the molecule systems which 
represented the first organisms, a premium 
must have been placed on the ability to 
use less and less complex substances as raw 
materials, and finally on the ability to tap 
some new source of energy. If, as many 
students of the subject belicve, the atmos- 
sphere at that time contained little or no 
free oxygen, these organisms must have 
been anaerobic. Any new source of energy, 
therefore, would not involve free oxygen 
and thus would not resemble the chemo- 
synthetic processes now carried on by the 
iron bacteria and some of the sulfur bac- 
teria. The first new source of energy may 
well have been the anaerobic manipulation 
of sulfur, in a way similar to that now 
carried on by Desulfovibrio. Development 
of a primitive, anaerobic cytochrome sys- 
tem of respiratory enzymes, comparable to 
that now seen in Desulfovibrio, probably 
accompanied or preceded this step. 

Another major step in evolutionary 
progress was the development of primitive, 
anaerobic photosynthesis, with the first 
chlorophyll originating from cytochrome 
by substitution of magnesium for iron in 
the center of the porphyrin ring. These 
frst photosynthetic organisms probably 
used sulfur in the photosynthetic process, 
much as some of the bacteria do today. 
Bacterial photosynthesis, which does not 
release free oxygen, is now regarded as the 
evolutionary precursor of algal and higher 
plant photosynthesis, which does. Accord- 
ing to a now widely accepted view, it was 
not until a considerable supply of atmos- 


pheric oxygen had been built up by the 
newer type of photosynthesis that aerobic 
respiration, using a new and more efficient 
form of cytochrome, became possible. In 
this view, the bacteria are ancestral to all 
other organisms; and anaerobic, swlfate- 
reducing bacteria are ancestral to all photo- 
synthetic organisms and indeed all eukar- 
yotes. 
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i 
VIRUSES 


Montage of electron micrographs showing sequence in the assembly of virions of T-4 
bacteriophage. The principal components—heads, tails, and tail fibers—are independently 
completed and then fitted together in an assembly-line process to make a virion. 

The tail fibers (/eft), which attach the phage to its bacterial host during infection, are 
made as two rod-like subcomponents which join end to end at a characteristic angle. 

The head membrane (right) appears as an empty bag, which is then filled with DNA and 
later fitted with a tail. Attachment of the tail fibers is the final step. Each step shown 

here is governed by one or several genes of the virus. (Courtesy of William B. Wood, 
California Institute of Technology.) 
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HISTORY AND DEFINITION 


During the latter part of the nine- 
teenth century, after Koch’s and Pasteur’s 
demonstrations that some bacteria cause 
disease, a great deal of attention was de- 
voted to determining the causative agents 
of particular diseases. In 1892 the Russian 
botanist Dmitri Iwanowski (1864-1920) 
reported the transmission of tobacco mo- 
saic disease by means of sap that had been 
passed through filters that were supposed 
to retain all bacteria. Six years later foot 
and mouth diseasc of cattle was shown 
also to be caused by an agent which could 
pass through bacteriological filters, and 
similar reports for other diseases soon fol- 
lowed. Disease-causing agents which could 
pass through filters came to be called filter- 
able viruses, the word virus being taken 
from Latin virus, a poison. As knowledge 
of the nature of these disease-causing 
agents has increased, it has become custo- 
mary to speak of them merely as viruses, 
and it has come to be recognized that some 
of them may exist in the host without 
causing disease. 

More definite knowledge of the nature 


of viruses began with the publication in 
1935 of a paper by the American virologist 
W. M. Stanley (1904- ) entitled “Iso- 
lation of a crystalline protein possessing the 
properties of tobacco mosaic virus.” This 
discovery, and the subsequent crystalliza- 
tion of several other viruses, intensified the 
longstanding controversy as to whether 
viruses should be considered living or non- 
living. Following on the improvement of 
the electron microscope during the 1940's, 
EM studies showed that the crystals of 
viruses are actually composed of many indi- 
vidual complex units, which have come to 
be called virions. The virion is now re- 
garded as the basic structural unit of a 
virus, the form in which it is transferred 
from one host (or cell) to another. 
Experimental biochemical studies of 
viruses during the 1950’s and 1960's, largely 
under the intellectual leadership of the 
American virologist Salvatore E. Luria 
(1912- ), demonstrated that viruses re- 
semble typical organisms in their basic bio- 
chemical fcatures, notably in having nu- 
cleic acids which govern the formation of 
particular proteins. Indeed viruses have 
been used as the essential experimental 





Fig. 8.1 Left, W. M. Stanley (1904-1971), American virologist, who was the first to 
“crystallize” a virus. Right, “crystals” of tobacco mosaic virus. (<700.) (Courtesy of W. 


M. Stanley.) 
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Fig. 8.2 Salvatore E. Luria (1912— ), Ameri- 
can virologist. 


organisms for much of the important work 
in molecular biology, inasmuch as they 
present some of the essential biological pro- 
cesses without the overlay of secondary 
products and self-regulation found in more 
complex organisms. 

Viruses may now be defined, follow- 
ing Luna and Darnell, as “entities whose 
genome is an element of nucleic acid, 
either DNA or RNA, which reproduces 
inside living cells and uses their synthetic 
machinery to direct the synthesis of special- 
ized particles, the virions, which contain 
the viral genome and transfer it to other 
cells.” The term genome, which was intro- 
duced in Chapter 5 as the equivalent of 
one chromosome complement, is here 
properly extended to mean one complete 
set of genetic material, even though that 
material is not organized into character- 
istic chromosomes. 


1 Luria, S. E., and James E. Darnell, Jr., 
General virology, 2nd ed., Wiley, New York, 1967. 


STRUCTURE 


A virion consists of a core of nucleic 
acid (either DNA or RNA, but not both), 
surrounded by a sheath of protein, which 
in some viruses is enclosed by a nonpro- 
teinaceous envelope. Sometimes there are 
also internal proteins distinct from those 
of the sheath. 

Virions are in general smaller than 
bacteria, although there is some overlap in 
size. Both the limit of resolving power of 
conventional microscopes and the size of 
the pores in the finest ordinary bacterial 
filters nearly coincide with the size of the 
smallest organisms which carry on the vital 
metabolic processes within their own 
bodies and which can be cultivated on non- 
living media. The smallest bacteria are 
coccoid types belonging to the Rickettsia 
group. These are only about 200 milli- 
microns in diameter, at the ultimate limits 
of resolving power of conventional micro- 
scopes. Some of the largest virions, such as 
those of the pox viruses, are up to about 
300 muillimicrons long and nearly as thick. 
TMV (tobacco mosaic virus) virions are 
about 300 millimicrons long but only 15 
millimicrons thick—long enough but not 
thick enough to be seen with the light 
microscope. Some of the smallest virions, 
such as the one which causes hoof-and- 
mouth disease, are only about 10 milli- 
microns long and thick. 

The proteinaceous sheath of a virion 
is called the capsid. It contains one or 
several kinds of proteins, according to the 
kind of virion, in one layer or in successive 
layers. Capsids come in two general styles; 
elongate and with the protein molecules 
helically arranged, or more or less iso- 
metric. The helical capsids, such as those of 
TMY, are typically open-ended and hol- 
low, with the nucleic acid wound in a tight 
spiral around the inside of the capsid. 
Isometric capsids completely enclose the 
nucleic acid core, instead of being open- 
ended. ‘They are sometimes referred to as 
being cubical or quasispherical, but they 





are in fact most commonly polyhedral, 
often with all the faces forming equilateral 
triangles. Brick-shaped virions, such as 
those of the pox viruses, have the nucleie 
acid wholly enclosed and are grouped with 
the isometric type, as are also the tadpole- 
shaped viruses which parasitize some 
bacteria. 

Most of the DNA-containing viruses 
have two complementary strands of DNA 
in a double helix, an arrangement which 
we shall see is typical of organisms in gen- 
eral, from bacteria to higher plants and 
higher animals. A few viruses, however, are 
now known to have single-stranded DNA, 
and in at least one virus which inhabits 
bacteria this single strand is circular, with 
no free ends. 

Some of the larger virions have enough 
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Fig. 8.3 Virions of various 
types. 7 (top left), vaccinia; 
2, T-2 bacteriophage, with 
tail; 3, T-3 bacteriophage; 4, 
tobacco mosaic; 5 (top 
right), influenza; 6, rabbit 
papilloma; 7, bushy stunt of 
tomato; 8, polio. (All to 
scale indicated at lower 
right.) (Electron micrograph 
courtesy of R. C. Williams 
and other members of the 
virus laboratory, University 
of California, Berkeley.) 


DNA to spccify the structure of 50 or more 
proteins. At the other extreme is the satel- 
lite virus of tobacco necrosis, which has 
only about 1/500 as mueh nucleic acid (by 
weight) as the pox viruses, just enough to 
specify one protein with 400 amino acids 
in its polypeptide chain. This latter virus 
occurs only in association with tobacco 
necrosis virus, and apparently depends on 
the tobacco necrosis virus to specify the 
production of proteins which permit its 
RNA core to replicate. It is, in a sensc, a 
parasite on a parasite, recalling the old 
thyme, “Big fleas have little fleas, upon 
their backs to bite ’em, and little fleas have 
lesser fleas, and so ad infinitum.” The 
sequence does not, in fact, proceed ad 
infinitum; a satellite virus is the end of the 
line. 
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Fig. 8.4 Schematic representation of the struc- 
ture of tobacco mosaic virus. The six-turn seg- 
ment shown here corresponds to about 1/20 the 
length of the full virion. The central hole is 
about 40 A in diameter. (Courtesy of D. Caspar; 
from Caspar, in: Horsfall & Tamm, Viral and 
rickettsial infections of man, Lippincott, New 
York, 1965.) 





The nature of the envelope which sur- 
rounds the capsid of some virions is not yet 
fully understood. Apparently it differs from 
one kind of virus to another. In at least 
some viruses it contains phospholipids and 
is more or less comparable to the plasma 
membrane (a unit membrane) of plant 
cells. 

Some viruses have one or more pro- 
teins, polypeptides, or other substances en- 
closed by the envelope but outside the 
capsid, or contained within the capsid. 
None of them, however, has a set of en- 
zymes anywhere nearly complete enough to 
permit normal metabolism distinct from 
the metabolism of the host cell. ‘They 
depend on the host cell not only for nutri- 
ents, but also for essential respiratory and 
other enzymes. 


CLASSIFICATION 


Knowledge about the essential nature 
of viruses is so recent, and still restricted 
to such a small proportion of the known 


Fig. 8.5 Capsid of adenovirus, 
showing its component capsomeres 
(1,000,000). Adenoviruses cause 
upper respiratory infections. (Elec- 
tron micrograph courtesy of H. G. 
Pereira, from J. Molec. Biol. 13:13. 
1965.) 


kinds, that no generally accepted classifica- 
tion has yct been devised. It has been 
customary merely to name each virus for 
the disease it causes, or even to use arbi- 
trary symbols. Efforts to establish a binom- 
ial nomenclature comparable to that used 
for other organisms have not been enthusi- 
astically reeeived. It has been customary 
for some decades to recognize three general 
groups, according to the host: animal 
viruses, plant viruses, and bacterial viruses 
or bacteriophages (the name often short- 
ened to phage). Animal viruses afflict 
vertebrates and arthropods, and may also be 
expected in other kinds of animals. Plant 
viruses parasitize many angiosperms and at 
least a few fungi; they will doubtless be 
found eventually in other groups of plants 
as well. Viruses much like some of the 
phages, and perhaps properly to be 
grouped with them, have been found in 
some blue-green algae. It may be noted 
that some of the “plant viruses,” such as 
the one causing rice dwarf, are equally 
or more at home in the insects which 
transmit the disease and might therefore 
with some justification be considered ani- 
mal viruses. 

Recent attempts at a more formal 
classification rely heavily on three features 
which occur in various combinations 
among different viruses: a core of DNA or 
of RNA; a helieal or an isometric capsid; 
and the presence or absence of an enve- 
lope. The proper taxonomic weighting of 
these characters has not yet been agreed 
upon. It may be noted that all known 
plant viruses have an RNA core, whereas 
animal viruses and phages may have either 
DNA or RNA. The tailed phages form a 
distinctive group of isometric DNA viruses 
without an envelope, but other phages lack 
a tail, and some of these have an RNA 
core. 

It is even debatable whether a natural 
classification, in the sense of a elassification 
in accord with probable phylogeny, is theo- 
retically possible for viruses. If most or all 
of them are eventually derived from bac- 
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teria by progressive simplification, as some 
believe, then a natural classification should 
be possible. If many or all of them are 
eventually derived from normal intracell- 
ular particles of their own or other hosts, as 
others believe, then a phylogenetic ap- 
proach is scarcely possible. It is easy 
enough to set up a hypothetical phylogeny 
based on the assumption of a bacterial 
ongin, but such a scheme (Fig. 8.6) is 
still wholly speculative. 

The name Virales has been proposed 
for the viruses, as an order within the bac- 
teria, but the fundamental, correlated dif- 
ferences in level of organization and 
method of reproduction make a taxonomic 
subordination of the viruses to the bacteria 
unattractive. The name Virophyta is also 
available as a divisional name in the plant 
kingdom, but formal acceptance of this 
status for the group is perhaps premature. 


DISPERSAL AND REPRODUCTION 


Virions are the static, chemically qui- 
escent form of viruses, having no metabo- 
lism, and no direct reproduction. Their 
only function is dispersal of the virus from 
one cell (or host) to another. New vinons 
do not arise by growth and division of ex- 
isting virions, but are formed directly by 
aggregation and organization of newly 
formed viral molecules within the proto- 
plasm of the host eell. The nucleic acid of 
the virus interacts with the enzyme system 
of the host to bring about the formation of 
molecules which become organized de 
novo into new virions; it subverts the meta- 
bolic system of the host into the produc- 
tion of virus. 

The essential feature of virus dispersal 
is the introduction of viral nucleic acid into 
a host cell of a susceptible organism. This 
introduction occurs in four general ways, 
according to the kind of virus. 

Bacteriophages inject their nucleic 
acid into the host cell, leaving the empty 
capsid as a “ghost” outside the bacterial 
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DNA core, isometric capsid, 


without envelope. Tailed phages. C} 


DNA core, isometric capsid, 
without envelope. Adenoviruses, 
wart and animal cancer viruses. 


Some phages. 


DNA core, isometric capsid, 
with envelope. 
Vaccinia and herpes viruses. 


RNA core, helical capsid, without envelope. 
TMV and most other plant viruses. 


RNA core, helical capsid, with envelope. 
Myxoviruses, including influenza. 


RNA core, isometric capsid, 
without envelope. Miscellaneous plant, 


7 animal and bacterial viruses. 


(0) RNA core, isometric capsid, with envelope 
Arboviruses, including yellow fever. 


Rickettsioid bacterial ancestor 
with both DNA and RNA. 





cell wall. The tailed bacteriophages (Fig. 
8.7) have an elaborate but as yet poorly 
understood mechanism of attachment and 
injection, with the fibrils around the end 
of the tail joining to specific components 
of the bacterial wall. Some other materials 
elosely associated with the nucleic acid are 
sometimes introduced into the bacterial 
host along with the nucleic acid, but in any 
case the capsid is left behind outside the 
cell. 

In some viruses the envelope merges 
with the plasma membrane of the host 
cell. The capsid is then introduced into the 
cytoplasm intact. 

The whole virion of vaccinia is en- 
gulfed into a vacuole, by a process of 
pinocytosis. 

Finally, virions may be introduced 
into the cell by or within a parasite. Many 
plant diseases are carried by sucking insects, 
a few by nematodes, and some even by 
intracellular parasites of the chytrid group 
of fungi. The so-called arboviruses (i.e., 
arthropod-borne viruses) of man and other 
vertebrates are also carried by sucking 





Fig. 8.7 Virions of T-4 phage. (65,000.) (Elec- 
tron micrograph courtesy of R. C. Williams.) 


parasites, but these must make their own 
way into the individual host cell after be- 
ing introduced into the bloodstream by the 
carrier parasite. 


Once the virion is introduced into the 
cell, the capsid protein dissociates from the 
nucleic acid core, and the nucleic acid goes 
to work. It subverts the host protoplasm 
into the production of molecules which 
can later be assembled into virions. Thus 
the infecting virions cease to exist as organ- 
ized units. This initial dissolution of the 
virions, known as the eclipse phenomenon, 
is an essential part of the life cycle of all 
viruses; indeed it has eome to be consid- 
ered the most important definitive char- 
acter of the group. Bacteriophages, in 
which only the nucleic acid enters the host 
cell, are otherwise functionally similar to 
viruses in which the components dissociate 
after entry. 

The viral nucleic acid may be able to 
operate wherever it finds itself in the pro- 
toplasm, or it may have to find a particular 
site, depending on the kind of virus. In 
some of the “temperate” phages the phage 
DNA is integrated into the bacterial 
“chromosome,” only occasionally undergo- 
ing DNA replication and fostering the pro- 
duetion of new virions. 

In general, viral nucleie acid fosters 
the production of three conceptually dif- 
ferent sorts of proteins: (1) proteins that 
alter some function or structure of the host 
cell; (2) proteins that enable the viral 
nucleic acid to replicate; and (3) proteins 
that are eventually incorporated into new 
virions. This third group includes both the 
capsid proteins and such other proteins as 
may be enclosed by the capsid or enclosed 
between the envelope and the capsid. In 
some kinds of viruses all the nucleic acid 
appears to function continuously. In others 
the different genes or segments function in 
sequence. 

The viral nucleic acid often separates 
into individual genes or RNA segments 
during the eclipse phase. These are recom- 
bined eventually when new virions are pro- 
duced. This behavior permits the exchange 
of genetic material between related viruses 
in the same cell. The new virions which are 
eventually produced show various combi- 
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nations of the characters of the original 
types, as well as reconstituting the origi- 
nals. This sort of genetic exchange serves 
the same function as sexuality in more 
complex organisms. 

Viral infection causes varying degrees 
of metabolic disturbance to the host cell. 
The King Edward cultivar of potato carries 
a virus which appears to function as a 
normal constituent of the host cell, causing 
no detectable difficulty. It behaves as a 
typical virus only when a susceptible potato 
cultivar is grafted to the King Edward, 
causing the disease known as potato para- 
crinkle. The disease is transmitted only by 
grafting and is otherwise unknown. The 
temperate phages referred to in a previous 
paragraph may be carried along through 
several or many bacterial generations with- 
out evident damage, before fostering the 
production of new virions and the rupture 
of the host cell. At the other extreme are 
such phages as Tə and T4, which almost 
immediately interrupt the synthesis of 
host-specific DNA, RNA, and protein, 
allowing only the synthesis of phage 
components. 

Disturbances of cellular processes by 
virus infection are not due to simple eom- 
petition for substrates. Viral synthesis 1s 
seldom a major burden on the biosynthetic 
capacity of a cell. More often the damage 
results from specific activities of viral en- 
zymes. All bacteriophages eventually gov- 
ern the production of lytic enzymes which 
break down the bacterial cell wall, releasing 
the newly formed virions. In virus-induced 
tumors the cells become insensitive to the 
feedback regulatory system, and indulge in 
uncontrolled growth. 

A virus which causes a disease in one 
organism may beneficially affeet some 
other kind of organism. For example, it has 
been shown that the aphid Aphis fabae 
produces more young aphids per mother 
when feeding on sugar beet leaves infected 
with mosaic virus than when feeding on 
comparable healthy leaves. 

For some years it was customary to 
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cite another example of beneficial effect 
of a plant virus on its insect vector. The 
corn leaf hopper normally lives only on 
corn or its near relative, teosinte. De- 
prived of its normal food, it will feed 
on other plants, but it soon dies. How- 
ever, if it feeds on China aster plants 
that are infected with aster yellows, its 
host range is much expanded. Not only 
does it thrive on the sick asters, but 
thereafter it can attack many other hosts, 
including such dissimilar ones as carrots 
and rye. Healthy China astcr plants now 
also become suitable food for the leat 
hopper. Its ability to live on com and 
teosinte is unimpaired, and it suffers no 
obvious ill effects from the infection. 
Unfortunately for those who have 
used this example to demonstrate a point, 
it was shown in 1967 that the causative or- 
ganism of aster yellows is a mycoplasma] 
bacterium, instead of a virus as had long 
been thought. Bactena of the order Myco- 
plasmatales lack cell walls and are very 
labile in shape, so that they can squeeze 
through filters that would retain other 
bacteria of similar size. As in the familiar 
story that the operation was a success 
but the patient died, the principle re- 
mains even though the example was wrong. 
Sooner or later, if the reproductive 
cycle is to be completed, the new viral 
components which a host cell has been 
subverted to produce must be organized 
into new virions. Formation of new virions 
must be initiated by some sort of inter- 
action between viral and host protoplasm. 
This generally does not begin until enough 
material is available to form a considerable 
number of virions. Once initiated, the pro- 
cess 1s self-driven and self-regulated by the 
chemical attractions among the specific 
viral molecules. Capsid formation appears 
to be a terminal process. The nucleic acid 
that is incorporated into a capsid is not 
usually released again into the same cell. 
Bacteriophages sometimes carry bac- 
terial genetic material from one cell to an- 
other, in a process known as transduction. 


It appears that some of the virions are mis- 
assembled to contain bacterial DNA in the 
capsid, instead of viral DNA. When this 
bacterial DNA of such an abnormal virion 
is injected into a new host cell, it can 
sometimes be incorporated into the previ- 
ously existing bacterial genome. The bac- 
terial cell does not acquire a viral infection 
in the transduction process, although of 
course it may be infected by normal virions 
of the same virus. 


EVOLUTIONARY ORIGIN 


There are two principal concepts re- 
garding the evolutionary origin of viruses. 
According to one concept they are simpli- 
fied bacteria, which have gradually lost 
their structural and metabolic complexity 
as they have come to depend more and 
more on the host cell for the necessary 
enzymes as well as for food, so that they 
finally come to consist of merely a gene or 
gene group with some associated protein. 
According to the other concept viruses are 
cytoplasmic or nuclear particles or organ- 
elles which have somehow attained a sepa- 
rate individuality that permits them to be 
transferred from cell to cell and from 
organism to organism without loss of their 
vital properties. That is, they are genes, or 
plastids, or other protoplasmic structures 
which have escapcd the control of the 
metabolic system that brought them into 
being. 

Under the bacterial hypothesis the 
difficulty of distinguishing some viruses 
from normal protoplasmic constituents is 
considered to reflect the progressive adapta- 
tion of the parasite to its host, a well- 
known phenomenon of host-parasite rela- 
tionships in genera]. The opposing hypoth- 
esis needs no such explanation. 

The evidence available does not per- 
mit the whole-hearted acceptance or com- 
plete rejection of either of these two con- 
cepts of the evolutionary origin of viruses. 
Under either concept it is difficult to ex- 
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Fig. 8.8 Resistant (/eft) and susceptible (right) varieties of tobacco, inoculated with 
tobacco mosaic virus. (Courtesy of Howard E. Haggsted, Agricultural Research Service.) 


plain the manncr of reproduction of virus 
particles (virions). Bactcria reproduce by 
division of existing cells. Plastids and mito- 
chondria also reproduce by the division of 
existing structures or thcir organized pre- 
cursors. The template function of existing 
genes in gene duplication shows how viral 
DNA may govern the formation of both 
viral DNA and proteins, but the assembly 
of these new virus molecules into organized 
virions is a much more complex process 
than any such auto-assembly which occurs 
as a normal metabolic function of unin- 
fected cells. A further difficulty with either 
concept is that many viruses lack DNA, 
which is thought to be an esscntial com- 
ponent of all self-reproducing cytoplasmic 
organelles as well as of nuclei. 

It is possible that both concepts are 
partly correct and that viruses are of di- 
verse origins. The pox viruses (vaccinia), 
which have a partial enzyme system en- 
closed within an envelope, might well be 


derived from bacteria, in spite of their non- 
bacterial mode of reproduction, and it 
would seem possible to derive some of the 
less complex animal viruses by reduction 
from types similar to the vaccinia. ‘The 
origin of the RNA viruses is still a puzzle 
under any evolutionary hypothesis. 


ECONOMIC IMPORTANCE 


The plant and animal viruses are eco- 
nomically important because of the dis- 
eases which they cause. Some diseases 
caused by plant viruses are hoja blanca of 
rice, potato leaf roll, rice dwarf, sugar 
beet curly top, tomato bushy stunt, and a 
series of different mosaic discases of such 
plants as beans, cucumbers, peas, peaches, 
sugar beets, sugar cane, tobacco, turnips, 
and wheat. The mosaic diseases are so 
named because thcy tend to inhibit 
chlorophyll production in a more or less 
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Fig. 8.9 A single leaf of tobacco, showing characteristic symptoms of the mosaic disease. 
(Photo by H. A. Allard, courtesy of the Agricultural Research Service.) 


definite pattern (often along the main 
veins) in the leaves of infected plants. 
Many plant viruses are transmitted by 
leaf hoppers, aphids, and other insects, in 
which they are often quite at home, mul- 
tiplying without apparent damage to the 
insect host. Other virus diseases of plants 
are mechanically transmitted, usually 
through some point of injury. Plant viruses 
can also be transmitted by grafting. 

Some of the diseases caused by ani- 
mal viruses are dengue fever, several types 
of human and equine encephalitis, influ- 
enza, measles, mumps, polio, chickenpox, 
smallpox, the common cold, foot and 
mouth disease of cattle, rabies, hog cholera, 
distemper, myxomatosis of rabbits, and 
granulosis of butterflies and moths. Cold 
sores and warts are also caused by viruses, 
and it is becoming increasingly evident that 
a virus or virus-like element may be in- 
volved in human cancer. A large propor- 
tion of animal viruses are transmitted by 
contact, but some, such as the yellow fever 
virus and some of the encephalitis viruses, 
are transmitted by mosquitoes or other 
biting insects. 

The degree of importance of bacterio- 
phages in limiting the numbers of bacteria 
remains to be determined. Many of the 
phages are sufhciently adapted to their 


hosts that they are carried on from gen- 
eration to generation in morphologically 
undifferentiated form, only occasionally 
maturing into definite phage particles 
which are liberated by death and rupture 
of the host cell. Like other viruses, indi 
vidual kinds of bacteriophage frequently 
have a number of different hosts, being 
highly virulent to some, and causing but 
little damage to others. 
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CLASS 


CYANOPHYCEAE 
Blue-Green Algae 


Oscillatoria filaments. (< 1600.) (Photomicrograph courtesy of George Schwartz.) 





HISTORY AND DEFINITION 


The term algae is applied to most of 
the chlorophyll-bearing plants other than 
those in which the zygote normally begins 
its growth and development as a parasite 
on the parent plant. A few colorless plants 
are included because of their similarity to 
undoubted algae, as are also a few plants 
in which the zygote does begin its growth 
as a parasite on the parent plant. The 
chlorophyllous bacteria are excluded from 
the algae by their unusual type of photo- 
synthesis, as well as by their evident rela- 
tionship to other bacteria. As so defined, 
the algae are mostly water plants and 
mostly relatively simple in structure, al- 
though some of the marine algae are large 
and structurally complex. Nearly all plants 
which float free in the ocean are algae; 
many of the plants inhabiting fresh waters 
and ocean shores are algae, but others are 
basically land plants which have rcturned 
to an aquatic habitat. Some algae do occur 
on land, especially in moist places, but 
these are always small, simple organisms. 
Algae never have specialized water-con- 
ducting tissues, as do many land plants, 
and only a few of the larger marine algae 
have tissues comparable to the phloem (a 
food-conducting tissue) of many land 
plants. Any complete plant body which 
lacks specialized conducting tissues is called 
a thallus, particularly if it is multicellular 
but relatively simple in external form, not 
being divided into parts which resemble 
roots, stems, and leaves. 

Gametes of algae are generally borne 
in unicellular gametangia, and never in 
structures resembling the multicellular 
gametangia of many of the land plants. 
A gametangium is any structure in which 
gametes are borne. 

The algae have often in the past been 
considered to constitute a subdivision of 
a division Thallophyta, but that classi- 
fication has been abandoned, and the algae 
are now considered to be a convenient 
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artificial group rather than a natural 
taxon. 

The definition of the algae in ap- 
proximately the modcrn sense dates from 
a “natural” system of plants proposed in 
1789 by the French botanist A. L. de Jus- 
sieu (1748-1836). In 1836 the algae were 


divided by the Irish botanist W. H. Har- 


vey (1811-1866) into three groups which 
correspond fairly well to the red algae, 
brown algae, and green plus blue-green 
algae, as those groups are now under- 
stood. The blue-green algae were recog- 
nized as a group distinct from the green 
algae by the Swiss botanist Karl Wilhelm 
von Naegeli in 1853, although he did not 
propose a formal name. The oldest (1860) 
formal name for the blue-green algae is 
Myxophyceae, but the more descriptive 
name Cyanophyceae has been more gen- 
erally adopted. The characteristic ending 
for names of algal classes is -phyceae. 

Excluding bacteria, the unicellular and 
colonial organisms which move by means 
of flagella are commonly called flagellates. 
Most flagellates, even those with chloro- 
phyll, were generally included with the 
protozoa (unicellular animals) until the 
German botanist Georg Klebs (1857-1918) 
pointed out, in 1883, that several groups of 
flagellates are related to different groups 
of undoubted algae. The lead provided by 
Klebs was worked out by another German 
botanist, Adolf Pascher (1887-1945) in a 
series of papers published principally from 
1910 to 1931. The present-day classification 
of the major groups of algae conforms 
fairly closely to Pascher’s concepts. 

Some undoubted protozoa are allied 
to various groups of chlorophyllous flagel- 


lates. No division of the flagellates into 
plant and animal groups has yet proved to 
be acceptable both to algologists and proto- 
zoologists, and it may be that no satis- 
factory separation is possible. The same 
organism may be treated as an alga by 
botanists and as a protozoan by zoologists. 
From a botanical standpoint, any organism 


Fig. 9.1 Adolf Pascher (1887-1945), German 
botanist who made fundamental contributions to 
the classification of algae. (Photo courtesy of 
Einar Teiling.) 


which contains chlorophyll is necessarily a 
plant, and a coherent classification requires 
that some nonchlorophyllous organisms 
also be included with the plants because of 
their evident relationships. 

The blue-green algae (Cyanophyceae) 
may be defined as prokaryotes (Schizo- 
phyta) which ordinarily possess chloro- 
phyll a and phycobilin pigments, and 
which release oxygen as a result of photo- 
synthesis. The prokaryotic protoplasmic 
structure distinguishes them from all other 
algae, and the photosynthetic system dis- 
tinguishes them from the bacteria. ‘Those 
few bacteria that do carry on photosyn- 
thesis have bacteriochlorophyll instead of 
chlorophyll a, and they lack phycobilins 
and do not release oxygen. 

Some blue-green algae are unicellular, 
but more often, they occur as filaments or 
small colonies of various other shapes, in 
which the cells may or may not be all alike. 
They ordinarily have a definite cell wall 
chemically much like that of bacteria, sur- 
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rounded by a gelatinous sheath composed 
of pectic compounds. Reproduction 1s ac- 
complished by cell division, fragmentation 
of colonies or filaments, or by spores. They 
have no flagella, and no motile reproduc- 
tive structures of any sort are produced. 


DISTRIBUTION 


Blue-green algae occur in fresh and 
salt water and in moist subaerial habitats 
throughout the world. They are more 
abundant in fresh than in salt water, and 
more abundant near the surface than at 
depths of more than a few feet. Sunny 
habitats which are covered by a thin film 
of water for prolonged periods usually 
harbor blue-green algae which become dor- 
mant during dry periods. Temporary pools 
are likely to contain more blue-green algae 
than any other sort, especially during the 
first few weeks. Many blue-greens occur at 
or just beneath the surface of the soil. 
They can also be cultured from soil sam- 
ples taken at deptłs up to 50 cm or even 
2 m, but it is believed that the cultures arise 
from dormant individuals or spores which 
have been washed down from the surface. 
Spray-dampened cliffs and dripping ledges 
tend to be especially rich in Cyanophyceae. 
They are also commonly present in and 
about hot springs, sometimes at tempera- 
tures as high as 85° Centigrade. The Red 
Sea is said to have been so named be- 
cause of the abundance of Trichodesmium, 
a blue-green alga which is red. 

Many blue-green algae occur in asso- 
ciation with other organisms as epiphytes, 
commensals, symbionts, or parasites. Some 
of them live symbiotically with certain 
fungi, forming the associations known as 
lichens. Some are enslaved within the cells 
of other organisms, such as various fungi, 
protozoa, and other algae, providing food 
for the host cell while deriving no appar- 
ent benefit from the relationship. Such a 
condition is called helotism. A few color- 
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less members of the family Oscillatoriaceae 
re mild parasites in the digestive tract of 
man and other animals. 


CHARACTERISTICS 


EXTERNAL MORPHOLOGY 


Blue-grecn algae occur as single cells, 
as small cell colonies, and as multicellular 
filaments which are themselves sometimes 
aggregated into colonies. Cell colonies 
may be flat and only one cell thick, or 
spherical and hollow, or elongate and quasi- 
filamentous, or massive and cubical or 
formless. The sheaths of the individual 
cells may remain readily distinguishable, 
or they may become confluent so that the 
individual cells are merely embedded in a 
common gelatinous mass. The quasi-fila- 
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mentous types are those in which the cells 
are arranged in a linear sequence but are 
separated by the sheath material. In truly 
filamentous blue-green algae the walls of 
most adjacent cells are in contact, rather 
than being separated by sheath material. 
The individual chain of cells in a filament 
is called a trichome. A filament is com- 
posed of one or sometimes sevcral tri- 
chomes, enclosed in a common gelatinous 
sheath; sometimes the sheath is very thin 
or apparently absent. A trichome is usu- 
ally only one cell thick, but in some genera 
it is several cells thick. The cells of a 
trichome may or may not be all alike. 


MorIon 


Blue-green algae have no evident 
means of locomotion, but some filamentous 
ones move neverthelcss. The whole fila- 


Fig. 9.2 Electron micro- 
graph of thin section of 
Nostoc pruniforme, a blue- 
green alga, showing a cell in 
process of division. (35,- 
000.) The developing parti- 
tion intrudes into the cell, 
as here seen, from the upper 
left and lower right. The 
contorted lines permeating 
the chromoplasm are the 
photosynthetic lamellae. The 
region without the lamellae 
is the central body. (Electron 
micrograph courtesy of 
Thomas E. Jensen and C. C. 
Bowen.) 
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ment may move slowly forward and back- 
ward, either in a straight line or in a spiral, 
or the end of the filament may wave 
slowly back and forth. Students are not 
agreed about the mechanism of locomo- 
tion. One suggestion is that a gelatinous 
substance is excreted through the cell wall, 
in some cases from pores arranged in a 
definite pattern, and that the rapid swell- 
ing of this substance causes the filament to 
move. Another suggestion is that rhythmic 
waves of alternate expansion and contrac- 
tion pass along the length of the filament. 


PIGMENTATION 


All photosynthetic organisms contain 
chlorophyll and associated carotenoid pig- 
ments, and some, such as the blue-green 
algae, contain additional photosynthetic 
accessory pigments called phycobilins. 

The chlorophyll of the blue-green 
algae is always and only chlorophyll a; no 
other chlorophyll is known in the group. 
Chlorophyll a is indeed the principal and 
essential chlorophyll of all photosynthetic 
organisms other than bacteria, which have 
bacteriochlorophyll instead. Most of the 
other algae, as well as the higher plants, 
also have one or another additional chloro- 
phyll. 

The principal carotenoid pigment of 
the blue-green algae is g-carotene, just as 
in most other algae and in higher plants. 
Two other carotenoid pigments, called 
myxoxanthine and myxoxanthophyll, are 
usually also present in some quantity. 
Myxoxanthophyll is apparently unique to 
the blue-green algae, but myxoxanthine, 
also called echenenone, has also been 
found in Euglena, an otherwise very differ- 
ent alga. At least some of the blue-green 
algae also contain other carotenoid pig- 
ments. 

In addition to chlorophyll and carote- 
noid pigments, blue-green algae consist- 
ently have another class of pigments called 
phycobilins. These are important accessory 
photosynthetic pigments in the blue-green 


CLASS CYANOPHYCEAE: BLUE-GREEN ALGAE 129 


algae, the red algae, and apparently also 
the cryptomonads. They have also been 
found in a few other algae, but not as an 
important pigment in any large group. 
Like the carotenoids, the phycobilins 
absorb light energy and pass some of it on 
to chlorophyll for use in photosynthesis. 
Thcre has been some speculation that phy- 
cobilins are associated primarily or only 
with the part of photosynthesis discussed 
in Chapter 29 as System II, but this re- 
mains to be confirmed. 

Phycobilins are open-chain tetrapyr- 
roles, tightly bound to a protein. We have 
seen in Chapter 3 that the principal part 
of the chlorophyll molecule is also a tetra- 
pyrrole, but with the four pyrrolic groups 
forming a closed ring rather than an open 
chain. Unlike chlorophyll and the carote- 
noids, phycobilins are soluble in water and 
relatively insoluble in fats and lipids. 

Phycobilin pigments are of two gen- 
eral types: phycocyanins, which absorb 
green, yellow, and red light, while trans- 
mitting blue; and phycoerythrins, which 
absorb blue-green, -green, and yellow light, 
while transmitting red. Most Cyanophy- 
ceae contain the blue pigment phycocy- 
anin, and some also have the red pigment 
phycoerythrin; a few have phycoerythnn 
but lack phycocyanin. The phycocyanins 
and phycoerythrins of the blue-green algae 
are mostly not identical with those of the 
red algae and cryptomonads, differing in 
small fcatures of the protein constituent. 
It has become customary to call the phy- 
cobilins of the blue-green algae c-phycocy- 
anins and c-phycoerythrins (the c for 
Cyanophyceae), to distinguish them from 
the b- (for Bangiophyceae) and r- (for the 
more typical Rhodophyta, i.e., the class 
Florideophyceae) types found in the red 
algae, but thesc distinctions are not so 
absolute as was once supposed. 

Some pigments which are neither 
carotenoids nor phycobilins occur in the 
wall or sheath of certain kinds of blue- 
green algae. 

The typical color of the blue-green 


130 INTRODUCTORY BOTANY 


algae is just what the name suggests. Varia- 
tions in the kinds and proportions of pig- 
ments in the different species also produce 
many other colors, including diverse shades 
of purple, red, yellow, brown, and blackish. 


CYTOLOGY 


An individual eell of a blue-grecn alga 
(Figs. 9.2, 9.3) eonsists of a protoplast, 
surrounded by a wall that is usually cn- 
closed in a gelatinous shcath. The prin- 
cipal wall component is one or more of a 
group of mucopolymers composed of glu- 
cosamine, amino acids, and muramic acid, 
with some glucopyranose, galactose, and 
pentoses. Most of these substances belong 
to the general group known as hemicellu- 
loses. The walls of many blue-green algae 
also contain a greater or lesser amount of 
cellulose, which (according to the genus) 
may or may not be organized into the sort 
of fibrils commonly seen in eukaryotes. 
The gelatinous sheath surrounding the cell 
wall is generally composed of pectic sub- 
stances. The nature of pectic compounds 
is discussed in Chapter 3. 

The protoplast consists of two more 
or less well-defined portions, a colorless 
central body, and a pigmented outer region 
called the chromoplasm. The central body 
contains most of the chromatin and is evi- 
dently of nuclear nature, but it is not 
usually bounded by a definite membrane, 
and there is no nucleolus. Ribosomes are 
scattcred throughout the protoplast, but 
are most numerous in the eentral body. 
There is no central vacuole, although scat- 





tered small vesicles are sometimes present. 
In at least some cases these are gas bubbles 
rather than vacuoles of the type usually 
found in other plants. 

The chlorophyll, carotenoids, and phy- 
cobilins of blue-green algae oceur together 
in organized units, of diverse size and 
shape, which are scattered throughout the 
chromoplasm and give it its characteristic 
color. In some genera these ultimate photo- 
synthetic units are tiny granules on the 
order of 0.3-0.5 microns in diameter. In 
others they are flattened sacs or disks 
which may be derived (phylogenetically ) 
by fusion of smaller granules. The disks, 
when present, are well separated, and not 
organized into the definite stacks found in 
many eukaryotic algae. These photosyn- 
thetic disks, in the blue-green algae and 
elsewhere, are known as _ photosvnthetie 
lamellae, or, morc spceifically, thylakoids. 

Cell division is strictly amitotic in 
most genera of blue-green algae, with the 
central body mercly seeming to be con- 
stricted into two approximately equal parts. 
Oscillatoria may be more complex. Some 
investigators have reported a nuclear mem- 
brane.and what may be a rudimentary and 
incomplete mitotic apparatus, but EM 
studies are needed for confirmation. Cyto- 
kinesis is aecomplished in the blue-green 
algae by the centripetal growth of a trans- 
verse membrane, sometimes accompanied 
by constriction or furrowing of the proto- 
plast. 

With the possible partial exception of 
Oscillatoria, as noted above, the proto- 
plasmic organization of the blue-green 


Fig. 9.3 Left, a single cell of 
a blue-green alga, showing 
parts: c., chromoplasm; c.b., 
central body; g., gelatinous 
sheath; w., cell wall. Right, 
Gloeocapsa, single cell and 
colonies. (X 1000.) 


algae is distinctly prokaryotic, like that of 
the bacteria, and much simpler than that 
of eukaryotes. Mitochondria, organized 
chloroplasts, endoplasmic reticulum, Golgi 
bodies, and double-membrane structures in 
general are notable by their absence. Even 
the structure and composition of the cell 
wall recall the bacteria rather than typical 
eukaryotes. 


Foop RESERVES 


Blue-green algae commonly store food 
as small granules of carbohydrate in chem- 
ical combination with protein. The carbo- 
hydrate fraction of these granules is called 
cyanophycean starch. Cyanophycean starch 
is a branching polyglucan (i.e., a polymer 
formed by linking glucose molecules to- 
gether), often containing small amounts of 
pentose and some other hexose sugars in 
addition to glucose. In composition and 
type of linkage and branching it is very 
much like the amylopectin fraction of the 
starch of higher plants, but it usually has 
only about 20 or 30 glucose residues per 
molecule, as opposed to 2000 or more in 
amylopectin. Cyanophycean starch has 
often been compared to glycogen of ani- 
mals, which is also a branching polyglucan 
that tends to occur in combination with 
protein, but glycogen, like amylopectin, 
has a much larger number of glucose resi- 
dues per molecule. 


REPRODUCTION 


Reproduction in blue-green algae 1s 
accomplished by cell division, by frag- 
mentation of colonies or filaments, and by 
spores. 

There are two types of spores. One 
typc, called an akinete, is formed by the 
enlargement of a single vegetative cell, ac- 
companied by an increase in thickness of 
the wall. The mature akinete contains the 
entire protoplast of the original vegetative 
cell, and the wall of the original cell makes 
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up part of the wall of the akinete. An 
akinete is a resting cell which carries the 
organism over a period of unfavorable 
conditions, and it usually germinates as 
soon as favorable conditions for growth are 
restored. The other type of spore, called 
an endospore, is formed by repeated di- 
vision of a protoplast within a eell wall. 
The original cell wall thus comes to con- 
stitute a sporangium, 1.€., a case or con- 
tainer in which spores are borne. The 
sporangium eventually breaks open, releas- 
ing the spores, which usually soon germin- 
ate. Both akinetes and endospores are non- 
motile, and no motile reproductive struc- 
tures of any sort are known in the class. 

Many filamentous blue-green algae 
have occasional enlarged thick-walled cells 
in which the protoplasm degenerates into 
a colorless, homogeneous, viscous sub- 
stance. These cells are called heterocysts. 
In an evolutionary sense they may be mod- 
ified spores, but thcy do not ordinarily 
function as such. In some blue-green algae 
heterocysts are apparently functionless (ex- 
cept possibly in ‘nitrogen fixation); in 
others fragmentation of the filament usu- 
ally occurs between two. adjacent hetero- 
cysts or between a heterocyst and a vege- 
tative cell. In some kinds of blue-green 
algae fragmentation of the filament oceurs 
at special points where two vegetative eells 
are separated by a double-concave disk of 
gelatinous material. The disks are known 
as separation disks, and the segments of 
the filaments delimited by the disks 
are called hormogonia (singular, hormo- 
gonium). Segments of a filament delimited 
by heterocysts are also called hormogonia 
if the heterocysts mark the points at which 
fragmentation occurs. Fragmentation of 
colonies (as opposed to true filaments) of 
blue-green algae is usually a matter of 
chance disturbance, or of the failure of the 
gelatinous sheath to hold the larger colo- 
nies together. 

No sexual proccsses of any sort are 
known among the blue-green algae. 
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NITROGEN FIXATION 


Several genera of blue-green algae be- 
longing to the family Nostocaceae, includ- 
ing Nostoc and Anabaena, resemble some 
of the bacteria in being able to use at- 
mospheric nitrogen. Free-living (i.e. non- 
symbiotic) nitrogen-fixing bacteria often 
occur in the gelatinous sheaths of Nostoc 
and other blue-green algae of the soil, using 
some of the sheath material as food, and 
it is therefore necessary to use bacteria- 
free cultures in determining nitrogen-fixing 
ability of the algae. Recently it has been 
suggested that the hetcrocysts are the site 
of nitrogen fixation. Nitrogen fixation is 
inhibited by free oxygen, and these non- 
photosynthesizing cells are thought to fur- 
nish a better milieu for the process. ‘The 
over-all importance of blue-green algae as 
nitrogen fixers remains to be established, 
but they are believed to play a major role 
in maintaining the fertility of rice paddies. 


CARBONATE DEPOSITION 


There is a complex chemical balance 
between dissolved carbon dioxide, carbonic 
acid (HCO;) and dissolved bicarbonates 
in natural waters. Depletion of the dis- 
solved carbon dioxide tends to cause the 
formation of insoluble carbonates from dis- 
solved bicarbonates, as for example in the 
following equation: Ca(HCQs3;)2 —> 
CaCO; + HO +CQOxs. The use of dis- 
solved carbon dioxide for photosynthesis 
by algae and other water plants, therefore, 
tends to cause precipitation of carbonates. 
The fact that some algae are much more 
prone than others in the same habitat to 
accumulate lime on or within their bodies 
suggests, however, that these calcareous 
algae also play a more direct role‘in the 
process. Many of these algae, especially 
certain blue-green, green, and red algae, 
probably extract carbon dioxide more or 
less directly from dissolved bicarbonates, 
leading to the deposition of such insoluble 


carbonates as calcium carbonate, mag- 
nesium carbonate, and calcium magnesium 
carbonate. The marl which accumulates at 
the bottom of some lakes and bogs is com- 
posed largely of calcium carbonate formed 
through the activities of green and blue- 
green algae, and the precipitation of cal- 
cium carbonate through the chemical 
activities of red, blue-green, and green 
algae in the geologic past is believed to 
have been an important factor in the 
formation of many or most limestone 
deposits. 


THERMAL ALGAE 


Most kinds of organisms do not long 
survive at temperatures higher than about 
50°C. Some blue-green algae, like some of 
the bacteria, thrive at temperatures well 
above 50°. Blue-green algae are common 
inhabitants of hot springs throughout the 
world. In general, the species which in- 
habit hot springs are especially adapted to 
high temperatures and do not occur else- 
where. Some thermal blue-green algae in 
Yellowstone National Park live at a nor- 
mal temperature of about 85°C and are 
regularly exposed to overflow waters at a 
temperature of about 90°C (nearly the 
boiling point, at that altitude). The bril- 
liant colors of the formations at Mam- 
moth Hot Springs and other hot springs 
and geysers in the Park are due chiefly to 
blue-green algae, which, as already noted, 
are not always blue-green. These algae also 
contribute to the deposition of calcium 
carbonate, silica, and other minerals in 
and around the springs and geysers, but 
under such conditions the minerals would 
be deposited even without algal action. 


CLASSIFICATION 


The blue-green algae are grouped into 
three, four, or five orders, by different 
algologists, on the basis of the structure of 


the thallus and the mode of reproduction. 
The taxonomy at the generic and specifie 
levels is much more controversial. Tradi- 
tionally it has been considered that there 
may be some 1500 species in the group, 
but comprehensive ‘studies in progress by 
the American algologist Francis Drouet 
(1907- +) suggest that many of these 
represent mere growth responses to differ- 
ing environmental conditions. Therefore 
the 1500 or so traditional species may 
eventually be reduced to less than onc 
hundred, with a concomitant reduction in 
the number of recognized genera. In this 
broader view the genus Polycystis as here 
treated would be submerged under An- 
acystis, and Merismopoedia would be in- 
cluded within Agmenellum. 


REPRESENTATIVE GENERA 


GLOEOCAPSA 


Gloeocapsa (Fig. 9.3) commonly 
occurs on damp rocks. The individual cells 
are more or less spherical and are aggre- 
gated into amorphous colonies of less than 
50 cells. The sheath is colored red, blue, 
violet, yellow, or brown by one or more 
pigments called glococapsin, and the 
sheaths of the individual cells retain their 
identity. Reproduction is by cell division 
and colony fragmentation. 


PoLycysTIS 


Polycystis forms free-floating colonies 
and is often especially abundaut in hard- 
water lakes. The cells are more or less 
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spherical and form colonies of various 
shapes, commonly several hundred to a 
colony. The cells lie in a gelatinous com- 
mon matrix of very watery consistency and 
do not have recognizable individual 
sheaths. Reproduction is by cell division 
and colony fragmentation. 

Algae such as Polycystis, which are of 
microscopic or barely megascopic size and 
which float freely in water, being carned 
about by the currents and waves, are called 
plankton algae. The term plankton in- 
cludes the plankton algae and the tiny 
aquatic animals of similar size which are 
also carried about by the water. Most di- 
visions of algae include some plankton 
genera, and some divisions include more 
plankton than other types. 


MERISMOPOEDIA 


Merismopoedia (Fig. 9.9) occurs in 
lakes, ponds, and semipermanent pools. It 
forms free-floating colonies, one eell thick, 
with the cells arranged in regular vertical 
and transverse rows. The colonies are rec- 
tangular to irregular in shape and may be 
composed of several hundred or only a few 
cells. Reproduction is by cell division and 
colony fragmentation. 


SYNECHOCOCCUS 


Synechococcus (Fig. 9.4) grows in a 
wide variety of habitats, including fresh 
and salt water, hot springs, and damp soil. 
It is one of the most common genera of 
thermal algae in Yellowstone National 
Park, occurring at temperatures up to 


Fig. 9.4 Left, Polycystis incerta. 
(<450.) Center, Synechococcus 
minervae. (X2000.) Right, 
Synechococcus vulcanus. 
(<1000.) (Synechococcus spp. 
after Copeland.) 
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85°C. The broadly ellipsoid to cylindric 
cells, nearly or quite without a gelatinous 
sheath, occur singly or joined end to end 
in colonies of two to four. Reproduction is 
by cell division. The various species are 
blue-green to violet or rose red. 


PLEUROCAPSA 


Pleurocapsa (Fig. 9.5) includes both 
marine and fresh-water species. One spe- 
cies, P. entophysaloides, occurs in Great 
Salt Lake as well as in the ocean. Pleuro- 
capsa has a multicellular thallus that is 
irregularly quasi-filamentous and forms a 
crust on the surfaee of the substrate. The 
filaments are branched, but the sheaths 
enclosing the branches tend to be coher- 
ent. Individual filaments penetrate the sub- 
strate, providing anchorage. Reproduction 
is by the formation of endospores. Spo- 
rangia may resemble ordinary vegetative 
cells or may be distinctly larger, and they 
may be terminal on the filaments or scat- 
tered among vegetative cells. There may be 
as many as 50 or more endospores in a 
sporangium. 


OSCILLATORIA 


Oscillatoria (Fig. 9.6) is one of the 
commonest genera of algae and occurs in a 
wide variety of fresh-water and subaerial 
habitats, including hot springs. It forms 
well-defined, unbranched, cylindrical, uni- 
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seriate filaments that occur singly or ir- 
regularly interwoven in layers of indefinite 
extent. The gelatinous sheath, if prescnt 
at all, is extremely thin. The individual 
cells vary from much shorter to evidently 
longer than broad. In some species the 
cells are all about alike; in others the free 
surface of the apical cell is broadly convex, 
and sometimes the filament tapers near 
the end. Reproduction is by hormogonia 
delimited by separation disks. The fila- 
ments of Oscillatoria and some related 
blue-green algae wave slowly from side to 
side and sometimes also move very slowly 
from plaee to place. 

Phormidium, a genus which differs 
from Oscillatoria chiefly in having a thin 
but definite gelatinous sheath, includes a 
number of thermal species as well as spe- 
cies that grow at ordinary temperatures. It 
is the most abundant genus of thermal 
algae in Yellowstone Park. 


SPIRULINA 


Spirulina (Fig. 9.6) is a plankton 
genus occurring more commonly in brack- 
ish and salt water than in fresh water. It 
forms spirally twisted filaments less than 
Yo mm long, which are not divided into 
separate cells. The central body extends 
throughout the length of the filament, 
which may be regarded as a single cell. 
There is no gelatinous sheath. Spirulina is 
very Closely allied to Arthrospira, in which 
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saloides. Left, habit. (65.) 
Right, detail. (X300.) (After 
Gardner.) 
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the filaments have distinct cross walls that 
are often so thin as to escape casual micro- 
scopic observation. 


NostToc 


Nostoc (Figs. 9.7, 9.8) occurs on 
bare soil and in fresh water, either free- 
floating or attached to submerged vegeta- 
tion. Some species occur in the intercel- 
lular spaces of liverworts, the two plants 
having little or no apparent effect on each 
other. The cells of Nostoc form trichomes 
which resemble the trichomes of ordinary 
filamentous blue-green algae, except for 
being much contorted and twisted. ‘These 
trichomes have individual sheaths and are 
aggregated into a rather firm, amorphous 
or globular colony with a common sheath. 
Mature colonies are readily visible to the 
naked eye and are often several ceritime- 
ters thick. There are scattered heterocysts 
not much larger than ordinary vegetative 
cells. The trichomes often separate be- 
tween a heterocyst and a vegetative cell, 
and thus a mature colony contains many 
trichomes. When the colony becomes ma- 
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Fig. 9.6 Top, Oscillatoria: 
s., separation disk. (X1500.) 
Bottom, Spirulina. (X2800.) 


ture many of the cells develop into 
akinetes. 


ANABAENA 


Anabaena (Fig. 9.9) occurs chietly as 
free-floating colonies of filaments in lakes, 
ponds, and scmipermanent pools. One 
species inhabits the aerial roots of some 
cycads, where it also harbors nitrogen-fix- 
ing bacteria. Anabaena is much like 
Nostoc, except that the gelatinous sheath 
is very watery, so that large colonies of 
definite form are not usually produced. 
The trichomes of Anabaena are sometimes 
contorted as in Nostoc. 


STIGONEMA 


Stigonema (Fig. 9.10) occurs on wet 
rocks, or less commonly on moist soil or 
in shallow water. It has branching fila- 
ments in which the main axis is at least 
partly multiseriate (i.e. more than one 
cell thick). The sheath surrounding the 
filament is firm, and colorless to tan, 
brown, or black. Heterocysts are often pro- 


Fig. 9.7 Nostoc, two colo- 
nies: h., heterocyst. (Left, 
x300; right, X100.) 
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Fig. 9.9 Left, Merismopoedia, parts of colonies. (X300 and x800.) Right, Anabaena, 
2 spp., a., akinete; h., heterocyst, s., sheath. (Above, X400; below, X700) 
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Fig. 9.10 Stigonema, g., 
gelatinous sheath; h., hetero- 
cyst. (X350) 





duced, akinetes more rarely. Hormogonia 
are produced near the ends of young 
branches, with or without relation to the 
position of the heterocysts. Some species 
have prominent intercellular connections 
suggestive of those seen in the red 
algae. 


ECONOMIC IMPORTANCE 


Except for the chemosynthetic bac- 
teria, all organisms are directly or indi- 
rectly dependent on chlorophyll-bearing 
plants for their food. Animals either eat 
plants, or eat animals which eat plants, or 
eat animals which eat animals which eat 
plants, etc. Ultimately the plant is the 
source of the food. Land animals are de- 
pendent chiefly on land plants. Aquatic 
animals, including fish, are dependent 
chiefly on algae. All the classes of algae are 
ultimate sources of food for fish, but the 
blue-green algae are less important than 
some other groups, such as the diatoms 
and green algae. 

The significance of blue-green algae in 
the fixation of nitrogen and in the deposi- 
tion of carbonates and other minerals has 
already been noted. 

If allowed to grow unchecked, algae 
often become so abundant in reservoirs 
as to give the water a bad taste. Some of 
the blue-green algae are particularly of- 
fensive. Most algae are much mote sus- 
ceptible to poisoning by copper than are 
human beings and most other organisms, 
and small quantities of copper sulfate are, 
therefore, often added to public water 
supplies during the summer. 


FOSSIL FORMS 


Fossils of the structurally less complex 
kinds of algae are often difficult to recog- 
nize. Scratches, worm borings, and inor- 
ganic formations resulting from chemical 
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action have often been mistaken for fossil 
algae. 

Fossils which resemble Nostoc have 
been found in Cambrian rocks, and other 
fossils which almost certainly represent 
blue-green algae are known from as far 
back as the Ordovician period. Gloeocap- 
somorpha, an Ordovician fossil named 
for its resemblance to Gloeocapsa, has 
definite cells aggregated into colonies held 
together by a matnx. 

Some pre-Cambrian fossils also very 
probably represent blue-green algae. Slen- 
der, branching filaments thought to be 
of this group are associated with the pre- 
sumed bacterial remains of pre-Cambrian 
iron-ore deposits in Michigan and else- 
where; and bluc-green algae are believed to 
have been involved in the formation of 
some pre-Cambrian limestones in Mon- 
tana, among other places. Other fossils 
believed to represent blue-green algae come 
from Australian deposits about a billion 
years old, and some paleobotanists would 
date the probable origin of the group at Ds 
2.7, or even 3 billion years ago. 


RELATIONSHIPS 


The blue-green algae are undoubtedly 
derived from the photosynthetic bacteria. 
The bacteria and the blue-green algae share 
a primitive type of protoplasmic organiza- 
tion which has been called prokaryotic (see 
details in Chapter 7), in contrast to the 
eukaryotic organization of all other organ- 
isms. Some chemosynthetic bacteria (Beg- 
giatoa) are so similar in appearance to 
some of the blue-green algae (Oscillatoria) 
that they have been shifted back and forth 
betwecn the two groups by different botan- 
ists: The presence of System II photosyn- 
thesis (which releases oxygen as a by- 
product) in the blue-green algae marks a 
definite advance over the bacteria, which 
have only System I. The blue-green algae 
must therefore be derived from the photo- 
synthetic bacteria (though not necessarily 
from any existing genus), rather than the 
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reverse. The evolutionary divergence of the 
two groups evidently occurred so long ago 
that most of the connecting forms have 
disappeared. Even the photosynthetic bac- 
teria are a mere evolutionary remnant of 
what was probably once a much larger and 
more varied group. 

Many botanists believe that the close 
relationship between the bacteria and the 
blue-green algae should be reflected by put- 
ting the two classes together into a single 
division, as is done in this textbook. Some 
would even make this division into a king- 
dom, the Prokaryota, in contrast to the 
kingdom Eukaryota for all other organ- 
isms. Other botanists, preferring to empha- 
size the differences between the bactena 
and blue-green algae, consider the blue- 
green algae to make up a division Cyano- 
phyta, containing a single class, the 
Cyanophyceae. 
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DIVISION 


CHLOROPHYTA 
Green Algae- 


Hydrodictyon reticulatum. (<500.) (Photomicrograph courtesy of Elsa O’Donnell- 
Aivelda.) 
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Unicellular, multicellular, or coenocytic thalloid plants mostly without 
much differentiation of tissues, never with specialized conducting 
tissues; nuclei well developed, ordinarily dividing mitotically; 
chloroplasts (when present) grass-green, with chlorophyll a, chlorophyll b, 
and yellow carotenoid pigments occurring in about the same proportions 
as in the Embryobionta; flagella, when present, of the whiplash type and 
all alike; cell wall usually containing cellulose or sometimes xylan, 
seldom absent; food reserves usually starch, sometimes partly or even 
wholly oils instead; reproduction sexual or asexual; gametangia 
(structures in which the gametes are produced) always unicellular, though 
sometimes surrounded by multicellular sterile jackets; zygotes 
physiologically independent of the parents. Two classes, the 


Chlorophyceae and Charophyceae. 


Chlorophyceae 


HISTORY AND DEFINITION 


The Chlorophyceae may be defined as 
Chlorophyta which do not have the 
gamctangia surrounded by a sterile jacket 
of cells. The class was first recognized in 
approximately its present sense in 1863 by 
the German botanist Gottlob Ludwig 
Rabenhorst (1806-1881). The Chlorophy- 
ceae are by far the larger of the two classes 
of the Chlorophyta, and it is usually this 
class which is meant when “green algae” 
are spoken of without further qualification. 


DISTRIBUTION 


Green algae occur in fresh and salt 
water, and in many (mostly moist) sub- 
aerial habitats, including snowbanks. 
Many species are epiphytic, and a few are 
epizoic, being attachcd to such animals as 
turtles and sloths. A small proportion are 
colorless, some being saprophytes, others 
being internal parasites of plants and am- 
mals. Only about 10 percent of the spe- 
cies are marine; these occur chiefly in 
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shallow water along the seashore, often 
attached to rocks where they are exposed 
at low tide. A few species grow at depths 
of as much as 100 m in warm seas. The 
larger nonfilamentous forms are chiefly 
marine. Fresh-water species include both 
free-floating and attached forms and are 
often filamentous. Chlamydomonas often 
occurs in snowbanks at high altitudes 
or latitudes (as well as in other places) 
and is the commonest cause of red snow. 
The red color is due in this instance to one 
or more abundant carotenoid pigments 
called hematochrome, which are dis- 
tributed throughout the cytoplasm and 
mask the green of the chloroplasts. Green 
algae such as Trebouxia are often asso- 
ciated with fungi to form lichens. 


STRUCTURE 
GENERAL MorPHOLOGY 


Green algae may be unicellular, colo- 
nial, or multicellular, or they may have the 
nuclei scattered in a continuous proto- 
plast. Multicellular green algae may be 
filamentous, or may form thin, leaf-like 
thalli up to several inches across, or may 


have various other shapes. Frequently the 
cells are not all alike, but in any case the 
thallus lacks the complex differentiation 
of tissues which characterizes the vascular 
plants. - 

Unicellular flagellates such as Chlamydo- 
monas (Fig. 10.1) are believed to represent 
one of the most primitive types of body 
organization among the algae. Evolution- 
ary development of the algae from the 
motile unicell follows four principal lines: 
(1) loss of the cell wall and flagella and 
development of an amoeboid organization; 
(2) organization of the cells into a colony, 
without loss of motility; (3) loss of both 
motility and the capacity for vegetative 
cell division, although the capacity for 
nuclear division may be retained, so that a 
multinucleate protoplast is formed; and 
(4) loss of motility (except for reprodue- 
tive cells), but retention of the capacity 
for vegetative cell division. The first of 
these tendencies is often associated with 
the loss of chlorophyll and further evolu- 
tion along protozoan rather than algal 
lines. The second tendency has inherently 
limited possibilities, and the third has had 
only moderate success. The fourth ten- 
dency has infinite possibilities for varia- 
tion. All these evolutionary tendencies 
occur among the Chlorophyceae, and to 





Fig. 10.1 Chlamydomonas. Left, vegetative cell; 
cp., chloroplast; c.v., contractile vacuole; e., 
eyespot; f., flagellum; n., nucleus; py., pyrenoid; 
w., cell wall. (X1400.) Right, four cells produced 
by reduction division within the zygote wall. 
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some extent in other groups of algae as 
well. 


The amoeboid tendency is only poorly 
developed among the Chlorophyceae. 
Some genera of the Volvocales lack a cell 
wall, and these genera with naked proto- 
plasts include some which also lack chloro- 
phyll. Some of the protozoan flagellates 
have probably been derived from such 
forms. 

Colonies of flagellated green algae may 
consist of small clusters of cells, or of a 
disk, but more often they form a hollow 
sphere (Fig. 10.2). In some cases the cells 
of a colony remain connected by plasmo- 
desmata. 

Plants which have the nuclei scat- 
tered in a continuous protoplast that 1s 
not divided into definite cells are said to be 
coenocytic. Coenocytic green algae have 
the protoplast bounded by a wall chem- 
ically and structurally similar to a cell 
wall. Many of the coenocytic green algae 
are filamentous, the filaments resembling 
those of multicellular green algae except 
for the absence of cross walls. Some other 
coenocytic green algae produce a com- 
plex, branching thallus several inches long. 
In some cases this thallus is externally dif- 
ferentiated into root-like, stem-like, and 
leaf-like parts. Such plants represent the 
most complex of any coenocytic organisms. 

A few green algae are transitional be- 
tween the typical coenocytic and the typ- 
ical multicellular types. These are fila- 
mentous plants with occasional cross walls 
and with a multinucleate protoplast be- 
tween one cross wall and the next. The 
term coenocytic is often expanded to cover 
these transitional forms. 


CELL WALL 


The cell wall of green algae generally 
consists of two layers. The inner layer is 
firm and usually consists largely of one or 
another kind of cellulose. Most members 
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Fig. 10.2 Volvox colony. (X200.) (Courtesy CCM: General Biological, Inc., Chicago.) 


of the advanced marine order Siphonales 
(exemplified by Caulerpa) have xylan (a 
polymer based on xylose, a pentose sugar) 
instead of cellulose. The outer layer is more 
gelatinous and consists of pectic sub- 
stances. These pectic compounds are often 
produced continuously throughout the life 
of the cell, filtering out through the mi- 
celles of the cellulose layer. The gelatinous 
sheath thus formed usually tends to dis- 
solve into the surrounding water, the loss 
by solution commonly about balancing the 
new production. In a few green algae, such 
as Oedogonium, the outermost part of the 
pectic layer becomes impregnated with an 
insoluble substance (perhaps chitin) so 
that there is no loss by solution. Cells of 
multicellular green algae are separated by 
a middle lamella chemically more or less 
similar to the gelatinous sheath. The cel- 
lulose layer of the cell wall may itself be 





divided into two layers, corresponding 
more or less to the primary and secondary 
walls of the cells of higher plants. The 
cell walls of some grecn algae may also be- 
come impregnated with calcium carbonate, 
so much so that in some marine forms the 
whole plant is a greenish white. 

Some of the unicellular flagellated 
green algae that lack a cell wall have the 
cell partly enclosed in a wall-like structure 
called a lorica. A lorica differs from a cell 
wall in that most of its surface is not in 
contact with the enclosed protoplast, the 
intervening space being filled with water or 
a watery gelatinous matrix, and also in 
that it usually does not completely en- 
close the cell. Often it is open at one end, 
through which the flagella project. Some- 
times it is composed of two overlapping 
halves. A lorica generally contains no cel- 
lulose, and it is often impregnated with 


compounds of calcium and/or iron. Lori- 
cate cells are more common among the 
Chrysophyta than among the green algae. 


NucLeus 


The green algae have well-organized 
nuclei like those described in Chapter 3, 
with chromonemata, nuclear membrane, 
nuclear sap, and one or more nucleoli. 
Nuclear division is ordinarily mitotic. 


CHLOROPLASTS AND Foop RESERVES 


Chlorophyll and the associated caro- 
tenoid pigments of green algae are nor- 
mally borne in definite chloroplasts that 
are grass green in color. The chloroplasts 
may be one, two, several, or many in each 
cell. Their shape is usually constant in 
a given species or genus, but different 
genera show a wide variety of shapes. The 
single, massive, cup-shaped chloroplast seen 
in Chlamydomonas (Fig. 10.1) and many 
other flagellated green algae is believed to 
be a relatively primitive type. 

Chloroplasts of the Chlorophyceae con- 
tain chlorophylls a and b, a- and f-caro- 
tene, and the xanthophylls lutein, viola- 
xanthin, and neoxanthin. They sometimes 
also contain one or more additional carote- 
noids, but they have no other chlorophylls. 
Chlorophyll a is the principal chlorophyll, 
as in all other groups of algae and higher 
plants. g-carotene is usually the principal 
carotene, and lutein the principal xantho- 
phyll, although some members of the order 
Siphonales have more a- than g-carotene, 
and more of several other xanthophylls 
than lutein. Except as noted for the Siph- 
onales, the pigmentation of the chloro- 
plasts of green algae is essentially like that 
of the Embryobionta (higher plants). 

In most green algae each chloroplast 
contains one or more specialized pro- 
teinaceous bodies called pyrenoids, on or 
around which starch accumulates. The 
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actual photosynthesis evidently occurs on 
or in the chlorophyll-bearing part of the 
chloroplast, and the pyrenoid is merely a 
storage center. Some of the larger green 
algae lack pyrenoids and accumulate starch 
in leucoplasts, much as in the higher 
plants. Many green algae produce oils as 
well as starch, and a few produce oils in- 
stead of starch. 


FLAGELLA 


All flagella of eukaryotes have in com- 
mon certain structural features which dis- 
tinguish them collectively from the always 
much simpler flagella of bacteria. Indeed 
this uniformity of structure is one of the 
important factors bolstering the prevalent 
belief in the basic evolutionary unity of the 
eukaryotes, since there is no obvious reason 
why equally effective flagella might not be 
organized in any of a number of quite dif- 
ferent ways. 

While a bacterial flagellum consists of 
a single proteinaceous fibril, eukaryotic 
flagella are compound, consisting of several 
proteinaceous fibrils, chemically diffcrent 
from bacterial flagella, and arranged in a 
particular pattern. The basic pattern for 
nearly all of these compound flagella is a 
cyele of 9 fibrils surrounding a core of 2. 
Usually the central fibrils are longer than 
the outer ones and extend out beyond 
them. Each of the 9 peripheral fibrils is 
itself compound, typically consisting of 2 
longitudinal strands. Often there is also 
a pair of lateral flanges running the length 
of the fibril. The 2 central fibrils consist of 
a single strand each, and thcy are chemi- 
cally somewhat different from the 9 periph- 
eral double-fibrils. The structural units of 
both the central and the peripheral fibrils 
appear to be spherical globules of protein, 
which are so arranged as to form a hollow 
tube. 

At the base of each flagellum, just 
inside the plasma membrane, is a granule 
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called a blepharoplast, or basal body. A 
cross section through the basal body gener- 
ally shows 9 peripheral units in a ring. 
These are comparable to the 9 peripheral 
fibrils of the flagellum, except that each 
consists of a linear triplet instead of a 
doublct. ‘The peripheral strands of the 
flagellum are continuous with the periph- 
eral units of the blepharoplast, from 
which they appear to originate metabolic- 
ally. The pair of flanges often seen (in 
EM preparations) on the lateral fibrils 
represent an imperfect devclopment of the 
third subunit of the blepharoplast marginal 
units. It may be noted here that the bleph- 
aroplast is clearly homologous with the 
centriole, an organelle that plays a role in 
mitosis of some flagellated algae and most 
animals. Indeed the same granule serves as 
centriole and blepharoplast in some flagel- 
lates. The microtubules that grow out from 
the centriole in association with mi- 
tosis are homologous with the fibrils of the 
flagella. 

There is some diversity in details of 
flagellar structure, within the general pat- 
tern just described. Flagella which are 
more or less round in cross section, with- 
out latcral appendages, are called the 
whiplash type. With few exceptions, flag- 
ella of the green algae are of the whiplash 
type. Flagella with slender lateral fibrils 
(technically called mastigonemes) extend- 
ing out from the central shaft are called 
the tinsel type. Carefully prepared and 
stained tinsel flagclla appear to be flattened 
or band-shaped when studied at a level of 
magnification that does not distinguish the 
mastigonemes from each other. ‘The masti- 
gonemes can be scen individually only in 
EM preparations, being below the resolv- 
ing power of conventional microscopcs. 
Many flagellates have two dissimilar flag- 
ella, one whiplash, one tinsel. , 

Tinscl flagella may be further classified 
according to whether thcy have one or two 
rows of lateral fibrils. Those with only one 
row, like the tecth of a comb, are called 
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Fig. 10.3 Flagellar structure: A, cross section, 
showing two central and nine peripheral strands; 
B, whiplash type, without lateral appendages; C, 
pectinate type, with one row of iateral append- 
ages; D, pinnate type, with two rows of lateral 
appendages. The duplex nature of the peripheral 
strands, not shown in this set of diagrams, can 
be seen in the electron micrograph of Fig. 10.4. 


the pectinate type (from Latin pecten, a 
comb). Those with two rows, one on each 
side, like the two rows of barbs on the 
shaft of a feather, are called the pinnate 
type (from Latin pinna, a feather). Both 
the pectinate and the pinnate types are 
probably derived (in an evolutionary 
sense) from the whiplash type. 

Flagella of green algae are attached at 
or near one end of the cell, when present, 
and are usually two or four in number, al- 
though uniflagellate and multiflagellate 
types are also known. The flagella of any 
one cell are alike. In the green algae the 
blepharoplasts of the two flagella are com- 
monly connected by a transverse fiber, 
which is connected to a longitudinal fiber 
that cxtends nearly or quite to the nucleus. 
The flagella and these fibers and the bleph- 
aroplasts collectively constitute the neuro- 
motor apparatus. 

Flagellated cells of green algae usually 
have a small orange-red eyespot in the 
cytoplasm, typically near the base of the 
flagellum, and often embedded in the 
margin of the chloroplast. The eyespot is 
scnsitive to light and probably affects the 
neuromotor apparatus. The eyespot is 
usually not found in vegetative cells of 
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nonmotile green algae, but motile gametes 
and zoospores often have it. It is regarded 
as a modified part of the plastid. 


VACUOLES 


Flagellated green algae generally have 
two (seldom more) small contractile vacu- 
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Fig. 10.4 Electron micrograph 
of cross section of flagellum of 
Chlamydomonas reinhardii, a 
green alga. (X150,000.) (Elec- 
tron micrograph .courtesy of 
Cell Research Institute, Univer- 
sity of Texas, published by 
David Ringo in J. Ultrastructure 
Res. 17:273. 1967.) 


Fig. 10.5 Electron micrograph 
of a section through two 
blepharoplasts of sperm of 
Nitella (a relative of Chara, in 
the class Charophyceae), show- 
ing the transverse fibrous con- 
nection between them. (X50,- 
000.) (Electron micrograph 
courtesy of Cell Research In- 
stitute, University of Texas, 
published by F. R. Turner in J. 
Cell Biology 37:382. 1968.) 
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oles, commonly near the base of the fla- 
gella. The vacuolar contents are largely 
water but probably include waste materials 
as well. Each vacuole undergoes a forcible 
contraction followed by a slow distension. 
It is believed that the vacuolar contents 
are discharged from the cell and that the 
contractile vacuoles are excretory struc- 


146 INTRODUCTORY BOTANY 


tures, although this interpretation 1s less 
eertain than in the case of some protozoa 
that also have eontraetile vacuoles. 

The nonflagellated genera of green 
algae usually lack contractile vaeuoles and 
have a eentral vacuole similar to that de- 
scribed in Chapter 3. Sometimes there are 
several large vacuoles instead of only one, 
or the vacuole may be transversed by 
strands of cytoplasm. Some green algae, 
notably some of those which are subaerial 
rather than aquatie, have no very evident 
vacuoles of any sort. 


REPRODUCTION 


INTRODUCTION 


Some green algae are wholly asexual, 
some have only sexual reproduction, and 
others reproduce both sexually and asex- 
ually. Among the unicellular members of 
the group, cell division is also reproduc- 
tion. Several types of spores are produced 
by different members of the class. 


SPORES 


The eommonest type of spore (in 
green algae) is the zoospore, a motile, 
flagellated cell which usually lacks a eell 
wall. The sporangium in which the zoo- 
spores are borne is usually derived from an 
ordinary vegetative cell; sometimes it is a 
specialized cell morphologically unlike 
other cells. The entire protoplast of the 
sporangium may be transformed into a 
single zoospore; more often the protoplast 
undergoes one or more mitotic divisions, 
leading to the formation of two to many 
(seldom more than 32) spores within the 
original cell wall. 

Zoospores are commonly released 
through a pore which develops in the wall 
of the sporangium. The zoospore swims 
about for a period of a few minutes to 2 or 
3 days, depending on the genus and spe- 
cies; | or 2 hours is a eommon time. It 
then retracts or loses its flagella and se- 


eretes a wall, becoming a vegetative cell. 
In’ multicellular or colonial types, the 
vegetative eell then undergoes a series of 
mitotie divisions to produce a new colony 
or organism. In many genera the zoospore 
settles on some solid object in the water 
before it changes into a vegetative cell 
and becomes cemented to the substrate by 
the pectic material of the new wall. 

Zoospores are haploid or sometimes 
diploid. In addition to being borne in spo- 
rangia, they are sometimes formed by re- 
duction division from a zygote, or by 
mitotie divisions from akinetes (see 
below). Zoospores of many genera of green 
algae are very similar to vegetative cells of 
Chlamydomonas, except for lacking a cell 
wall. 

Another type of spore produced by 
many green algae is the aplanospore. 
Aplanospores are comparable to the endo- 
spores of the blue-green algae; they differ 
from zoospores in the absence of flagella 
and the presence of a definite cell wall. 
Like zoospores, they are borne in unicel- 
lular sporangia which may or may not 
resemble ordinary vegetative cells. Some 
aplanospores germinate also immediately, 
sometimes even before being liberated 
from the sporangium. Others undergo a 
period of rest before germination; when 
these have notably thick walls they may be 
designated as hypnospores. Some aplano- 
spores have the same distinctive shape as 
the parent cell; these are known as auto- 
spores. 

Some green algae also produce 
akinetes, similar to those of the blue-green 
algae. Akinetes may eventually develop 
directly into new plants; more often (in the 
green algae) the protoplast divides into a 
number of zoospores. 


SEXUAL CYCLE 


The sexual cycle in green algae, as in 
other truly sexual organisms, involves al- 
ternating stages with n and 2n chromo- 
somes. The 2n stage is brought about by 


fusion of gametic nuclei, and the n condi- 
tion is restored by reduction division. In 
the simplest situation, as in some species 
of Chlamydomonas (a unicellular member 
of the Volvocales),° ordinary flagellated 
vegetative cells act as gametes and fuse to 
produce a zygote. The zygote then under- 
goes reduction division to produce four 
spores which develop directly into uni- 
cellular vegetative plants (Fig. 10.1). Some 
other species of Chlamydomonas have a 
cycle which differs from the foregoing only 
in that the vegetative cells do not func- 
tion directly as gametes; each vegetative 
cell instead gives rise by one or more 
mitotic divisions to 2, 4, 8, or 16 smaller 
daughter cells which are released from 
the wall of the parent cell and function as 
gametes. 

One type of evolutionary advance 
from the situation in Chlamydomonas 
leads to the formation of a multicellular 
thallus from the zygote or from zoospores 
by a series of mitotic divisions. In many 
green algae mitotic division occurs only 
during the haploid stage, so that a multi- 
cellular haploid thallus may be produced, 
while the zygote remains the only diploid 
cell. In other green algae mitotic divisions 
may take place during both the haploid 
and the diploid stages of the life cycle, 
so that the complete sexual cycle consists 
of: (1) fusion of gametes to form a diploid 
zygote; (2) development of a diploid thal- 
lus by mitotic divisions; (3) production 
of haploid cells (typically zoospores) by 
meiosis affecting some or all the cells of the 
diploid thallus; (4) development of a hap- 
loid thallus from each zoospore by a series 
of mitotic divisions; and (5) formation of 
gametes within some or all of the cells of 
the haploid thallus. 

The diploid and haploid thalli may 
be alike or different. When alike, they are 
said to be isomorphic; when different, they 
are said to be heteromorphic. If a single 
thallus produces both sperms and eggs, or 
isogametes which can fuse with each other 
to form a zygote, the alga is said to be 
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homothallic. If eggs and sperms are borne 
on separate thalli, or if isogametes pro- 
duced by one thallus cannot fuse with each 
other, the alga is said to be heterothallic. 

Alternation of haploid and diploid (or 
n and 2n) generations, such as in the fore- 
going cycle, is characteristic of the higher 
plants (subkingdom Kmbryobionta ) as well 
as of many thallophytes. Because the re- 
productive body of the haploid (or n chro- 
mosome) generation is the gamete, it 1s 
customary to call this generation the 
gametophyte. Because the reproductive 
body of the diploid (or 2n chromosome) 
generation is the spore, it is customary to 
call this generation the sporophyte. It 
should be noted that the spore itself, being 
the product of reduction division, 1s typ- 
ically haploid and therefore represents the 
first step in the gametophyte generation. 

The green algae show all conditions 
from typical isogamy (see Chapter 5) to 
pronounced heterogamy. It is sometimes 
useful to divide the heterogamous condi- 
tion into anisogamy and odgamy. In ani- 
sogamy the two gametes which fuse are 
both motile but differ in size. In odgamy 
one gamete (the sperm). is small and mo- 
tile, whereas the other (the egg) is larger 
and nonmotile. Isogamous and anisoga- 
mous green algae usually have gametangia 
that are morphologically undifferentiated 
from vegetative cells, and syngamy (fusion 
of gametes) occurs in the water, external 
to the parent plants. Odgamous green 
algae generally have gametangia that are 
morphologically different from each other 
and from vegetative cells, and syngamy 
occurs in the female gametangium. A male 
gametangium is called an antheridium, 
regardless of whether it is unicellular (as 
among the algae) or multicellular (as 
among the embryophytes). A female 
gametangium is called an oogonium when 
it is unicellular (as among the algae) and 
an archegonium when it is multicellular 
(as among the embryophytes). 

Zygotes of many green algae develop 
a thick wall and go into a resting stage 
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which may last from a few days to several 
months, depending on the genus or spe- 
cies. Such thick-walled zygotes are called 
zygospores. Zygospores ordinarily undergo 
reduction division immediately on germina- 
tion, or even before, so that the zygospore 
itself is the only diploid cell in the life 
cycle. Several groups of green algae, in 
contrast, have thin-walled zygotes which 
germinate within a day or two after being 
formed; these develop mitotically into 
diploid thalli which eventually produce 
zoospores or gametes as a result of reduc- 
tion division. Most of the green algae 
which produce zygospores occur in fresh 
water, and most of the green algae in 
which the zygote does not go into a pro- 
nounced resting stage are marine. 

We have noted that in addition to 
the sexual cycle the green algae may pro- 
duce zoospores which are not a product 
of reduction division and not a part of the 
sexual cycle. Many other kinds of plants 
which show a normal sexual cycle with al- 
ternation of gametophytic and sporophytic 
generations also have means to reproduce 
one or the other of these generations asex- 
ually. 


CLASSIFICATION 


There are about 6500 species of Chlo- 
rophyceae. These may be grouped into 12 
orders on the basis of the structure of the 
thallus, the method of reproduction (in- 
cluding the nature of the gametes), and 
the chemistry of the cell wall and carot- 
enoid pigments. 


REPRESENTATIVE GENERA 


CHLAMYDOMONAS 

Chlamydomonas (Fig. 10.1) is a large 
genus of unicellular flagellates occurring in 
standing fresh water, on damp soil, and 
on persistent snowbanks. Waters rich in 


ammonium compounds, such as barnyard 
pools, provide an especially favorable habi- 
tat for some species. The cells are spherical 
to subcylindric or pear-shaped and have a 
definite cellulose wall that in some spe- 
cies is enclosed by a gelatinous pectic 
sheath. There are two flagella and a well- 
developed eyespot. Most species have a pair 
of contractile vacuoles near the base of the 
flagella. There is no central vacuole, and 
the nucleus is often more or less central 
in position. Most species have a single cup- 
shaped chloroplast, which is often so large 
that it occupies most of the protoplast, 
usually at the opposite end from the fla- 
gella. Usually there is only one pyrenoid. 

Asexual reproduction occurs by one 
or a series of mitotic divisions of the pro- 
toplast to form 2, 4, 8, or 16 (typically 4) 
daughter protoplasts within the wall of the 
parent cell. After the daughter protoplasts 
have each developed flagella and a wall, the 
wall of the parent cell ruptures or softens 
and the daughter cells are released. These 
daughter cells grow directly into mature 
vegetative cells; they have sometimes 
been called zoospores, but they differ from 
ordinary zoospores in having a cell wall. 

When the plant grows on damp soil 
instead of in water, the daughter proto- 
plasts sometimes remain in the gelatinous 
matrix formed by dissolution of the old cell 
wall and reproduce for generation after 
generation without forming flagella. Amor- 
phous colonies of hundreds or thousands 
of cells in a common gelatinous matrix 
may be formed in this fashion, but as soon 
as the colony is flooded with water the 
individual cells develop flagella and are 
released from the matrix. These tempo- 
rary Colonies resemble the normal colonies 
of a related genus, Palmella, which pro- 
duce Chlamydomonas-like flagellated cells 
only as reproductive bodies. Many differ- 
ent kinds of algal flagellates produce Pal- 
mella-like temporary colonies of nonmotile 
cells under certain conditions. 

Most species of Chlamydomonas are 


isogamous, although the gametes are often 
chemically differentiated. The chemicals 
which result in the mutual attraction of 
gametes have been studied, but they have 
not yet been fully analyzed. Ordinary vege- 
tative cells of many species can function as 
gametes under proper conditions. The pro- 
toplasts of the fusing cells may or may not 
escape from the enclosing wall before 
fusion. 

The zygote has four flagella, and re- 
mains motile for several hours, or in some 
species for as much as two weeks, before 
losing the flagella and developing a thick 
wall. Often the zygote continues to manu- 
facture food and to grow during the “rest- 
ing” stage. In most species the starch re- 
serves of the zygote are eventually changed 
into oils, and considerable quantities of a 
diffuse red carotenoid pigment (hemato- 
chrome) are produced. 

Eventually the protoplast of the zygote 
undergoes reduction division, producing 
four haploid protoplasts within the zygote 
wall. Usually these immediate products of 
reduction division acquire walls and are 
released by rupture of the zygote wall, de- 
veloping flagella immediately after libera- 
tion. Each then matures directly into a 
vegetative cell. Sometimes the immediate 
products of reduction division undergo fur- 
ther mitotic divisions before liberation, so 
that 8, 16, or 32 “zoospores” are produced 
within the wall of the zygote. 


VOLVOXx 


Volvox (see Figs. 10.2, 10.6), is a colo- 
nial flagellate that occurs in temporary and 
permanent pools of fresh water. The colo- 
nies are spherical to ovoid, hollow, only 
one cell thick, and composed of 500 to 
60,000 eells. The individual cells are very 
similar to cells of Chlamydomonas. In at 
least some species the protoplasts of the 
cells are connected by well-developed cy- 
toplasmic strands, and the colony might 
better be considered a multicellular or- 
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ganism. All the cells of a young colony 
are alike. As the colony matures, some of 
the cells lose their flagella and increase to 
as much as ten times the diameter of or- 
dinary cells. These enlarged cells, often 
called gonidia, are reproductive cells. Each 
gonidium becomes depressed below the 
surface of the colony and then develops 
along sexual or asexual lines, according to 
the season. 

During the spring and most of the 
summer reproduction is asexual. ‘The 
gonidium undergoes a series of mitotic di- 
visions, producing a pouch-shaped cluster 
of cells that forms an invagination in the 
surface of the parent colony. While still 
enclosed within the parent colony, and 
within the gelatinous sack that originally 
contained the gonidium, the young colony 
turns inside out by progressive invagination 
from the interior end. Shortly after this in- 
version the individual cells develop fla- 
gella. Eventually the new colony escapes 
through the opening at the surface of the 
parent colony. Usually several asexual gen- 
erations occur during a single season. 

Late in the season asexual reproduc- 
tion gives way to sexual reproduction. 
Sexual reproduction is o6gamous and is 
homothallic or heterothallic according to 
the species. Some gonidia develop directly 
into eggs. Others produce clusters of bi- 
flagellate sperms. The cluster of sperms 
escapes through a pore at the surface of 
the parent colony and is attracted to the 
egg by chemical stimuli. When the sperm 
cluster nears an egg the sperms separate. 
Fertilization occurs while the egg is still 
retained just beneath the surface of the 
parent colony. 

The fertilized egg develops a thick 
wall and goes into a resting state. The rest- 
ing zygote is colorcd orange-red by the 
hematochrome pigment which it devel- 
ops. The zygotes are liberated by death 
and decay of the parcnt colony and usually 
do not germinate until the following 
spring. The first division of the zygote 1s 
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meiotic. In some species the four cells pro- 
duced in meiosis become the first four 
cells of a new colony. In others a single 
haploid zoospore is formed, and presum- 
ably three of the nuclei formed in meiosis 
degenerate. The zoospore then develops 
into a new colony by a series of mitotic 
divisions. 


CHLOROCOCCUM 


Chlorococcum (Fig. 10.7) is a single- 
celled, nonmotile green alga that occurs 
in fresh water and on moist soil. It has a 
nearly spherical hollow chloroplast, usually 
with an aperture. It might be compared to 


Fig. 10.6 Volvox. A-H, stages 
in the formation of a new 
colony; l-K, stages in the devel- 
opment of sperms; L-N, stages 
in the development of the egg 
and formation of the zygote; O, 
detail of tangential section of 
colony, showing prominent pro- 
toplasmic connections between 
adjacent cells; e, egg; g., 
gonidium; s., sperm; z., zygote. 


a Chlamydomonas without a neuromotor 
apparatus. Chlorococcum lacks vegetative 
cell division. 

Reproduction is typically accomp- 
lished by a series of mitotic divisions within 
the old cell wall to form a set of flagellated 
zoospores which are very much like ordi- 
nary cells of Chlamydomonas. The zoo- 
spores remain motile for some time after 
being liberated from the cell wall, but 
eventually they lose the neuromotor appar- 
atus atid become ordinary vegetative cells. 

In, certain species, some of the zoo- 
spores may function as gametes, two sim- 
ilar “zoospores” fusing to form a zygote 
which develops a spiny wall and goes into 





dormancy. Each zygote eventually gives 
rise to four zoospores, probably by reduc- 
tion division. 

In an evolutionary sense Chlorococ- 
cum may be regarded as a Chlamydom- 
onas which has become nonmotile for most 
of its life, returning to the motile form 
only during reproduction. It is one of the 
many examples which illustrate the over- 
simplified aphorism (see Chapter 38) that 
ontogeny (the life history of the indi- 
vidual) is a recapitulation of phylogeny 
(the evolutionary history of the group). 
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Fig. 10.7 Chlorococcum — echino- 
zygotum. A 1-3, increasingly older 
vegetative cells. B, zoospore forma- 
tion. C, zoospore. D, isogamy. E, 
dormant zygote (stained). ( 1500.) 
(From H. C. Bold, Morphology of 
plants, 2nd ed., Harper & Row, 
1967.) 


ULOTHRIX 


Ulothrix (Fig. 10.8) is a genus of green 
algae occurring in fresh water, often in 
flowing streams. The cells are cylindrical, 
longer or shorter than thick, and are united 
end to end in uniseriate, unbranched fila- 
ments of indefinite length. In some species 
the filament has a gelatinous sheath; in 
others it does not. All cells are alike exeept 
that the basal one is slightly modified into 
a holdfast. Each cell has a large central 
vacuole and a single large, thin chloroplast 


Fig. 10.8 Ulothrix. Top left, 
formation of zoospores; bot- 
tom left, germination of 
zoospore to form a new 
filament; top right, forma- 
tion and escape of gametes; 
middle line, right, conjuga- 
tion of gametes; bottom 
right, germination of zygote 
with formation of zoospores. 
(From W. H. Brown, The 
plant kingdom, copyright 
1935 and 1963; courtesy of 
Ginn & Co., Boston.) 
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that forms a broad band partly or wholly 
encircling the protoplast. The chloroplast 
has one or several pyrenoids. 

Asexual reproduction usually occurs by 
the formation of quadriflagellate zoospores. 
The whole protoplast of a cell may be 
changed into a zoospore, but more often 
2 to 32 zoospores are formed by mitotic 
divisions of a protoplast within the original 
cell wall. The zoospores usually escape 
through a pore which develops in the cell 
wall. After swimming about for a period of 
several hours to several days, the zoospore 
settles down, loses its flagella, and be- 
comes a holdfast cell from which a new 
filament is produced by a series of mitotic 
divisions. Some species produce two dif- 
ferent kinds of zoospores that differ from 
each other in size, position of the eyespot, 
and duration of the free-swimming stage. 

Asexual reproduction may also occur 
by the formation of aplanospores. The 
whole protoplast of a cell may round up 
and secrete a new wall, or zoospores which 
fail to be liberated from the parent cell 
may lose their flagella and secrete a wall. 
Each aplanospore gives rise to a new fila- 
ment by a series of mitotic divisions, some- 
times germinating even before being lib- 
erated from the parent cell. 

Sexual reproduction is isogamous. The 
gametes are biflagellate and have an eye- 
spot. Ulothrix is heterothallic; i.e., gametes 
produced by a single filament do not fuse 
with each other. Any two gametes which 
fuse with each other are morphologically 
alike but chemically different. ‘The zygote 
soon loses its flagella, secretes a thick wall, 





and goes into a “resting” stage during 
which it continues for some time to carry 
on photosynthesis and accumulate food 
reserves. The zygote is the only diploid ccll 
in the life cycle, its first nuclear division 
being meiotic. The zygote gives rise to 4 
to 16 zoospores or aplanospores, each of 
which develops into a new filament. 


PLEUROCOCCUS 


Pleurococcus (Fig. 10.9) is one of the 
commonest genera of green algae. It forms 
a thin green coating on tree trunks, stone 
walls, flower pots, etc., usually in shaded 
or protected sites, and it also occurs in 
fresh water. It has been shown to be able 
to absorb water from moist air. The side 
of the tree that is the most protected from 
evaporation usually has the thickest coat- 
ing of Pleurococcus. 

Pleurococcus is nonmotile and typ- 
ically unicellular. ‘There is a well-developed 
cellulose wall and no gclatinous sheath. 
Solitary cells are spherical to ellipsoid. 
Sometimes the cells do not separate after 
division, and small colonies are formed. 
When growing in water, Pleurococcus 
sometimes forms irregularly branched 
filaments of as many as 50 or more cells. 
Each cell has a single large, thin chloro- 
plast near the wall, usually without 
pyrenoids. There is no evident vacuole. 
Reproduction is exclusivcly by cell divi- 
sion. Pleurococcus is usually considered to 
be a reduced and modified derivative of 
Ulothrix-like ancestors. 

Pleurococcus has often been known 


Fig. 10.9 Pleurococcus: cp., 
chloroplast; n., nucleus; w. 
cell wall. (<1700.) 


? 


under the name Protococcus, but it has 
been shown that the latter name does not 


properly apply. 


SPIROGYRA 


Spirogyra (Figs. 10.10, 10.11) is a com- 
mon green alga in ponds and streams. The 
cells are cylindrical, one to several times 
as long as thick, and are united cnd to end 
in uniseriate, unbranched filaments of in- 
definite length. Usually the cells are all 
alike, but sometimes some of them develop 
slender projections which help to anchor 
the filament to the substrate in running 
water. The cell wall consists of two layers 
of cellulose and an outer layer of pectose; 
the pectose also forms the middle lamella 
between adjaccnt cells. Each cell has a 
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large central vacuole, and one or two (sel- 
dom several) ribbon-shaped spiral chloro- 
plasts that extend the whole length of the 
cell. The chloroplast has several pyrenoids. 
The nucleus, with a sheath of cytoplasm, is 
often suspended in the central vacuole by 
cytoplasmic strands extending from near 
the pyrenoids. 

Asexual reproduction sometimes oc- 
curs by fragmentation of the filaments 
into single cells or few-cellcd bits. In at 
least some cases, the fragmentation is pre- 
ceded by conversion of the middle lamella 
from pectose to soluble pectin. Spores are 
seldom formed. ‘These are always non- 
motile and are derived from the whole 
protoplast of a cell without division. 

Sexual reproduction is isogdmous, in 
the sense that the gametes are morpho- 


Fig. 10.10 Spirogyra’ Top, 
vegetative cell: cp., chloro- 
plast; m.l., middle lamella; 
n., nucleus; py., pyrenoid; 
w., cell wall. (x400.) Bot- 
tom, two filaments conjugat- 
ing: c.t, conjugation tube. 


Fig. 10.11 Spirogyra, con- 
jugating. (Courtesy CCM: 
General Biological, Inc., 
Chicago.) 
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logically alike, although their behavior is 
different. Conjugation usually involves two 
different filaments, which come to lie side 


by side even though there is no obvious 
means of locomotion. Usually all cells are 
potentially gametangia, although not all 
may so develop. Each gametangium gcn- 
erally forms a bulge in the wall opposite a 
similar bulge in a gametangium of the ad- 
jacent filament. The bulges meet and the 
wall between them disappears, so that there 
is a conjugation tube leading from one cell 
to the other. The protoplast of each cell 
then shrinks by expulsion of water and 
becomes a nonflagellated gamete. One of 
these gametes flows through the tube in an 
amocboid manner, and fusion follows. In 
some species of the related genus Zy- 
gnema, both gametes are motile and 
syngamy occurs in the conjugation tube. 

In both Spirogyra and Zygnema, the 
zygote develops a thick wall and goes into 
a resting stage which commonly lasts 
through the winter. Chlorophyll disappcars 
during the resting stage, and most of the 
starch is changed into oil. Germination of 
the zygote is preceded by reduction di- 
vision. Three of the four haploid nuclei 
formed in meiosis degenerate, so that each 
filament is derived from a single haploid 
@cll. 


Dersmips 
Algae belonging to the family Des- 
midiaceae are called desmids (Fig. 10.12). 





All species occur in fresh water, especially 
in somewhat acid water. Most desmids are 
unicellular, but some form filaments or 
amorphous colonies. Each cell generally 
has a median constriction, dividing it into 
two halves called semicells that are con- 
nectcd by an isthmus. The semicells have 
various distinctive shapes, according to the 
genus and species. The cell wall consists 
of three layers, the inner of cellulose, the 
middle of cellulose that is impregnated 
with pectic compounds and often also 
with iron salts, the outer of a gelatinous 
pectose sheath. The two inner layers have 
pores that are commonly arranged in a 
pattern. The pores are filled with pectic 
gelatinous materials, and changes in the 
volume of these materials are related in 
some way to a jerky movement of the cells. 
The nucleus lies at the isthmus of the cell. 
Cytokinesis results in separation of the 
semicells, each of which later develops a 
duplicate half. Spores are seldom formed 
and are always nonmotile. 

Sexual reproduction in desmids is 
isogamous, with amoeboid, nonflagellated 
gametes. ‘Typically two cells come to lie in 
a common gelatinous envelope, each cell 
breaks open at the isthmus, and the two 
protoplasts emerge into the envelope and 
fuse. Some filamentous species develop a 
conjugation tube like that of Spirogyra. 
The zygote develops a thick wall and goes 
into a resting state. The first division of the 
zygote 1s meiotic; often three of the four 
nucle: produced in meiosis degenerate. 


Fig. 10.12 Cosmarium, a 
desmid. (Courtesy CCM: 
General Biological, Inc., 
Chicago.) 


OEDOGONIUM 


Oedogonium (Fig. 10.13) occurs in 
small permanent ponds and slow streams, 
often as an epiphyte on larger aquatic 
plants. The cells are cylindric and are 
joined end to end in uniseriate, un- 
branched filaments of indefinite length. 
The cell wall consists of three layers, the 
inner of cellulose, the middle of pectose, 
and the outer chiefly of chitin or a chitin- 
like substance. The basal cell is differen- 


tiated into a holdfast, and the gametangia 
are visibly different from vegetative eells. 
Each vegetative cell has a large central 
vacuole and a single reticulate chloroplast 
which extends the whole length and cir- 
cumference of the cell. ‘The chloroplast has 
many pyrenoids. Due to a complex process 
which accompanies mitosis, many cells of a 
filament have one or more narrow con- 
centric girdles of hemicellulose at one 
end, forming a characteristic apical cap. 

Asexual reproduction occurs by the 
formation of zoospores, aplanospores, or 
akinetes. Zoospores are borne only in cells 
that have an apical cap. The entire proto- 
plast of the cell becomes a single zoospore 
that bears a ring of rather short flagella 
near one end and seldom has an eyespot. 
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The cell wall breaks open about at the 
junction of the apical cap with the rest of 
the wall, liberating the zoospore. After an 
hour or so, the zoospore settles down, re- 
tracts its flagella, and secretes a wall. A 
new filament is then formed by a series of 
mitotic divisions. The basal cell in the 
first division becomcs modified into a hold- 
fast and does not divide again. Any of the 
other cells of the filament may divide. The 
basal cell further differs from the other 
cells of the filament in not developing the 
chitinous outer wall. 

Sexual reproduction is odgamous, the 
plants being heterothallic or homothallic 
according to the species. Some of the 
heterothallic species have male and female 
filaments of equal size. Other species have 
very small, few-celled, male filaments 
which are usually epiphytic on the larger 
female filaments. Antheridia are shorter 
than vegetative cells and are often borne in 
series. One or more often two sperms are 
borne in an antheridium. The sperms 
somewhat resemble zoospores but are 


smaller and have fewer and often longer 
flagella—these still borne in a ring near one 
end. Odgonia are obviously swollen and 
larger than vegetative cells. Each o6gonium 


Fig. 10.13 Oedogonium. A, 
vegetative cell of filament 
(x500); B, part of filament, 
with reproductive structures 
(x85); C, odgonium, with in- 
cluded zygote (o0spore) (X 
170); D, zygote germinating to 
produce four zoospores (170); 
E, part of filament, with zoo- 
sporangia (X85); F, Zoospor- 
angium; G, zoospore escaping 
from zoosporangium; H, zoo- 
spore; a.c., apical cap; an., 
antheridium; ©., oogonium, 
with egg included; py., pyre- 
noid; s., sperm. 
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contains a single large egg with abundant 
food reserves and no large vacuole. ‘The 
sperm is attracted to the egg by a chemical 
stimulus and enters the odgonium 
through a pore ncar one cnd. 

The fertilized egg develops into a 
thick-walled zygote which is eventually lib- 
erated by decay of the odgonial wall. The 
zygote often remains in a resting condi- 
tion for a year or more. Four zoospores are 
formed when the zygote germinates. Ger- 
mination is preceded by reduction divi- 
sion, and the zygote is the only diploid 
cell in the life cycle. Each zoospore gives 
rise to a new filament, as previously de- 
scribed. 


ULVA 


Ulva (Figs. 10.14, 10.15), the sea let- 
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tuce, is a common alga along ocean shores 
between high and low tide. The thallus 
consists of a holdfast and a blade. Plants 
are often broken loose by the tide, and 
may be washed up on the shore. The blade 
is an irregular sheet two cells thick and 
several inches or even a foot or more long, 
superficially suggestive of a lettuce leaf. 
The holdfast is a cluster of rhizoids at 
one end of the blade. The rhizoids 
are filaments that are divided by occa- 
sional cross walls into multinucleate seg- 
ments. (The term rhizoid is applied to any 
structure which resembles a root in posi- 
tion and function but lacks the complex 
tissues of the roots of higher plants.) The 
cells of a blade are all about alike, and 
their gelatinous sheaths are confluent to 
form a tough gelatinous matrix. Each cell 
has a single large, often cup-shaped chloro- 


Fig. 10.14 Ulva. Left, surface 
view of part of haploid thallus, 
showing gametangia. Center, 
cross section through haploid 
thallus, showing gametangia. 
Right, stages in conjugation, and 
germination of the zygote. (From 
W. H. Brown, The plant king- 
dom, copyright 1935 and 1963; 
courtesy of Ginn & Co., Boston.) 


Fig. 10.15 Ulva. A, surface 
view of part of diploid thal- 
lus, showing sporangia; B, C, 
sections through diploid thal- 
lus showing sporangia; D, 
zoospores; E, F, germination 
of zoospores and develop- 
ment of new haploid thallus. 
(From W. H. Brown, The 
plant kingdom, copyright 
1935 and 1963; courtesy of 
Ginn & Co., Boston.) 


plast with a single pyrenoid. There is no 
large vacuole. 

The sexual cycle includes an alterna- 
tion of similar diploid (sporophytic) 
and haploid (gametophytic) generations. 
Many of the cells near the margin of a 
haploid thallus become gametangia in 
which 32 or 64 biflagellated gametes are 
produced by a series of mitotic divisions. 
The gametes are liberated through a ter- 
minal pore in a nipple-like protrusion that 
develops on the gametangium at the sur- 
face of the thallus. Syngamy occurs in the 
water. Most species are isogamous, but a 
few are anisogamous. The species which 


have been investigated are all hetcrothallic; 
gametes produced on one thallus do not 
fuse with each other. 

The zygote formed by fusion of bifla- 
gellate gametes has four flagella. It soon 
settles down, loses its flagella, and secretes 
a wall. It germinates within a day or so 
thereafter and eventually produces a 
diploid thallus by a series of mitotic di- 
visions. One of the two cells formed in the 
first division develops into a rhizoid; the 
other eventually develops into the blade. 
At an early stage in its development the 
blade resembles an ordinary filamentous 
green alga. 


The mature diploid thallus is similar 
to the mature haploid thallus. Many of the 
cells near the margin of the diploid thallus 
become sporangia which resemble the 
gametangia of the haploid thallus. The 
first division of the protoplast of the de- 
veloping sporangium is meiotic; 32 or 64 
quadriflagellate haploid zoospores are pro- 
duced by a series of subsequent mitotic di- 
visions. Each zoospore develops into a 
haploid thallus in the same way that a 
zygote develops into a diploid thallus. 

In some species a gamete which fails 
to fuse may function as a zoospore and de- 
velop into a haploid thallus. Otherwise, ac- 
cidental fragmentation is the only means of 
asexual reproduction. 
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CAULERPA 


Caulerpa (Fig. 10.16) is a coenocytic 
genus of green algae occurring in warm 
seas, sometimes at depths of as much as 
75 m. The thallus is commonly several 
inches or more in length and is divided 
into parts which superficially resemble 
roots, stems, and leaves. The protoplast is 
continuous, with many scattered nuclei 
and no division into separate cells. The 
nuclei are diploid. ‘There are many discoid 
chloroplasts, without pyrenoids. Vegetative 
reproduction occurs by abscission of frag- 
ments of the thallus. 

Sexual reproduction is isogamous, with 
biflagellate gametes that have a well-de- 
veloped eyespot and a single chloroplast. 
Most species are heterothallic. Formation 
of gametes is probably preceded by reduc- 
tion division in the nuclei of a small part 
of the protoplast, which may be in cither 
the stem-like or the leaf-like part of the 
thallus. The quadriflagellate zygote soon 
loses its flagella, secretes a wall, and then 
gradually develops into a mature diploid 
thallus with scattered nuclei. 


ACETABULARIA 


Acetabularia (Fig. 10.17), the mer- 
maid’s wineglass, is another coenocytic 
genus of green algae, also oecurring in 
warm seas. The mature thallus is 2-10 cm 
tall, depending on the species. It consists 
of a system of rhizoids, one or more erect 
stalks, and usually a single whorl of 
branches at the top, these forming a cap 
up to about 1 cm wide. The original zygotic 
nucleus enlarges to about 20 times its diam- 
eter but does not divide until the thallus 
is nearly mature. It then divides amitot- 
ically (according to report) into a number 
of nuclei which may undergo subsequent 
mitotic divisions. The whole protoplast is 
continuous, and many of the nuclei mi- 
grate into the apical whorl of branches. 
The part of the protoplast in each branch 
then differentiates into uninucleate seg- 


INTRODUCTORY BOTANY 


158 





Eg 


_—— RK ` SS SSRIS = 


LOGIE ELAR Ss "nt 


LD 

mm, x 7 
Pa 5 — SA te. . 
eT Wee a 








$ 















a Dae =: z á A pa RANS a a 

ras (ee Cg ` a => = an ; y 
i q a are f rA 
we a S aN NDD WE oil 
al X vin BT OS yy MY, Pe E DHUA fi 


Fig. 10.16 Caulerpa. Top, C. racemosa (X1/2); middle, another form of C. racemosa 
(X1); bottom, C. sertularioides (X1). (From W. H. Brown, The plant kingdom, copyright 


1935 and 1963; courtesy of Ginn & Co., Boston.) 





Fig. 10.17 Acetabularia crenulata, about natural 
size, near Bermuda. (New York Botanical Garden 
photo.) 


ments which secrete individual walls. Each 
such cyst becomes a gametangium, in 
which numerous biflagellate isogametes are 
eventually produced after a series of nu- 
clear divisions. The last nuclear division 
before differentiation of the gametes is 
meiotic. 

Thalli of Acetabularia and many of 
its relatives become strongly encrusted with 
lime and contribute to the formation of 
marine limestone deposits. 


FOSSIL FORMS 


The green algae have a long fossil his- 
tory, dating back at least to the pre-Cam- 
brian Bitter Springs deposits in Australia. 
This formation, thought to be about a bil- 
lion years old, contains both filamentous 
and coccoid typcs of presumed green algae. 
Fossils which probably represent some of 
the larger green algae are known from as 
far back as the Cambrian period. Forms 
which are clearly identifiable with the order 
Dasycladales (to which Acetabularia be- 
longs) are abundantly represented in cal- 
careous deposits of most of the geologie 
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periods from the Ordovician to the pres- 
ent. Rhabdoporella, a small, slender, un- 
branched form from Ordovician deposits, 
may be near the ancestral prototype of the 
order. 


ECONOMIC IMPORTANCE 


Like the blue-green algae, the green 
algae are important as an ultimate source 
of food for aquatic animals (especially in 
fresh water), in the formation of lime- 
stone deposits, and as contaminants which 
give a bad flavor to water supplies. Some 
of the grcen algae are involved in the 
formation of coral reefs, but the coralline 
red algae are more important in this re- 
gard. The waterbloom which sometimes 
forms on the surface of reservoirs, lakes, 
and ponds in the summer is composed 
largely of planktonic green and blue-green 
algae. Green algae are also important in- 
habitants of oxidation ponds in sewage- 
treatment plants,providing through photo- 
synthesis the’ oxygen necessary for rapid 
decomposition of the sewage by bacteria. 


RELATIONSHIPS 


The Chlorophyceae are thought to be 
derived eventually from the photosynthetic 
bacteria, as are also the Cyanophyceae. Pos- 
sibly a single group of photosynthetic bac- 
teria developed the capacity to use water 
as a source of hydrogen and release free 
oxygen in photosynthesis, and the Chloro- 
phyceae and Cyanophyceae diverged from 
this proto-algal stock which contained 
chlorophyll a as the principal chlorophyll 
and g-carotene as the principal carotene. 

One view of relationships would de- 
rive all the other groups of algae except 
the blue-green algae and the red algae from 
the Chlorophyceae, but not all algologists 
would agrec. The nuclear structure of the 
Dinophyceae and Desmophyceae, and the 
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presence of phycobilins as important acces- 
sory photosynthetic pigments in the Cryp- 
tophyceae might conceivably be more prim- 
itive than the comparable features of the 
Chlorophyceae. It is generally agreed that 
the whole subkingdom Embryobionta is 
derived eventually from the Chlorophy- 
ceae. The Chlorophyceae also appear to be 
directly ancestral to some of the protozoa; 
indeed each of the larger groups of algal 
flagellates appears to have given rise to pro- 
tozoan types. 

Unicellular flagellates such as Chlamy- 
domonas have been regarded as among the 
most primitive members of the Chlorophy- 
ceae, perhaps not much different from the 
ancestral prototype of the class. 


Charophyceae 


The Charophyceae, or stoneworts, 
may be defined as Chlorophyta in which 
the gametangia are surrounded by sterile 
jackets. The thallus is multicellular, con- 
sisting of a system of rhizoids and an erect 
axis, commonly several inches long, with 
regularly arranged whorls of short branches. 
A single much-enlarged cell extends from 


one whorl of branches to the next. Some- 
times the central axis consists merely of a 
succession of such cells; in other cases 
the central cell of the axis is surrounded 
by a single layer of smaller cells. ‘The 
gametangial jackets are one cell thick. 

Cells of Charophyceae have cellulose 
walls which often become impregnated 
with lime. The cells near the tips of the 
main “stem” and branches are uninu- 
cleate and without conspicuous vacuoles. 
These cells, and particularly the apical 
cell of the main axis, undergo repeated 
mitotic divisions. Cells of the mature re- 
gion are relatively large, have a well-de- 
veloped central vacuole, and often have sev- 
eral irregular nuclei which have been formed 
by amitotic division of the original nucleus 
of the cell. There are numerous small chlo- 
roplasts. Food reserves are starch. 

Sexual reproduction is odgamous. 
The gametangia (Fig. 10.18) are usually 
borne on the branches of the thallus, the 
odgonia and the antheridial clusters often 
being adjacent. Each odgonium contains a 
single large egg and is surrounded by a 
single layer of elongate, spirally wound 
cells. The cells of the odgonial sheath sepa- 
rate from each other near the tip of the 





Fig. 10.18 Chara. Left, branch showing a large ellipsoid odgonium and below this a 
rounded antheridial cluster. (X35.) (From W. H. Brown, The plant kingdom, copyright 
1935 and 1963; courtesy of Ginn & Co., Boston.) Right, Paleozoic fossil charoids. (<15.) 


(Courtesy of R. E. Peck; from J. Paleont. 8:pl. 10. 1934.) 


odgonium to form five small slits which 
allow access of the sperms to the odgo- 
nium. The antheridia are arranged in clus- 
ters of complex structure; each cluster is 
surrounded by a sheath of eight sterile cells. 
Each antheridium produces a single elon- 
gate, biflagellate sperm. (Some botanists 
prefer to call each antheridial cluster an 
antheridium, which they compare to the 
multicellular antheridia of higher plants.) 
The zygote secretes a thick wall and under- 
goes a resting period of several weeks. The 
first division of the zygote 1s meiotic, and 
three of the nuclei soon degenerate. 
Neither zoospores nor any other sort of 
spore is produccd by Charophyceae. Vege- 
tative reproduction sometimes occurs by 
the formation of special buds. 

Fossil Charophyceae, readily recog- 
nizable by the characteristic structure of 
the odgonial shcath, are known from as far 
back as the Devonian period. All members 
of the class, including the fossils, are 
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placed in a single order, the Charales. The 
two most common genera are Chara (Fig. 
10.19) and Nitella. In Nitella the central 
axis of the thallus is only one cell thick; in 
Chara the axial cell is usually surrounded 
by a layer of smaller cells. Chara is one 
of the most prominent marl-forming algae. 
It sometimes becomes a serious wecd in 
fish hatcheries. The class otherwise has lit- 
tle economic significance beyond provid- 
ing a little food for aquatic animals. 
Stoneworts occur in fresh (especially 
calcareous) or brackish quiet waters, sub- 
merged and attachcd to the bottom. Su- 
perficially they more nearly resemble 
higher plants than the familiar kinds of 
fresh-water green algae. Their relationship 
is clearly with the Chlorophyceae, of which 
they are an isolated, highly modified off- 
shoot. Their distinctness from other green 
algae has long been recognized, and some 
botanists would even establish a separate 
division, the Charophyta, for them. 
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SUGGESTED READING 


Gibor, Aharon, Acetabularia: A useful giant 
cell, Sct. Amer. 215 (5):118-124. Novem- 
ber, 1966. A physiologically oriented dis- 
cussion. 

Godward, Maud B. E., Ed., The chromo- 
somes of the algae, a symposium, St. Mar- 
tin’s, New York, 1966. A useful reference 
for this and subsequent chapters on algae. 


Preston, R. D., Plants without cellulose, Sci. 
Amer. 218 (6) :102-108. June, 1968. Some 
marine green algae such as Acetabularia, 
Caulerpa, and Bryopsis. 

Smith, G. M., Fresh-water algae of the 
United States, 2d ed., McGraw-Hill, New 
York, 1950, 719 pp. A taxonomic treat- 
ment, with many illustrations. The green 
algae take up about half the book. 
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Mostly unicellular flagellates with a gullet and without a wall, or 

seldom colonial, nonmotile, and with a noncellulose wall, but still with 
a gullet; flagella one or two, seldom more, equal or more often unequal, 
pectinate; nuclei well developed, dividing mitotically; chloroplasts, 
when present, grass-green, with chlorophylls a and b, B-carotene, and 
diadinoxanthin; food reserves mostly paramylon, a polyglucan; largely 
or wholly asexual, reproducing by cell division. A single class, the 


Euglenophyceae. 


HISTORY AND CHARACTERISTICS 


The euglenoids were first recognized 
as a group by Ehrenberg in 1838. Nearly 
all of the 400 to 500 species are unicellular 
flagellates which lack a cell wall. The outer 
part of the protoplast is differentiated into 
a fairly firm, but usually flexible, often 
striated layer called the pellicle or peri- 
plast. A few genera have a firm gelatinous 
lorica, which contains no trace of cellulose. 
The cells characteristically have a distinct 
gullet formed by invagination of the cell 
tip. The opcning of the gullet is called the 
cytostome; the enlarged cavity at its base is 
called the reservoir; and the narrow passage 
connecting the reservoir to the cytostome 
is called the cytopharynx. Most often there 
are only one or two flagella, but sometimes 
there are three or more. The flagella are 
sometimes equal, more often unequal, and 
all are of the pectinate type. They are 
attached near the base of the reservoir and 
extend out through the cytopharynx and 
cytostome. Near the base of the gullet 
there are one or more contractile vacuoles 
which eventually discharge their contents 
into the reservoir and disappear. New con- 
tractile vacuoles are formed by fusion of 
smaller vacuoles. The eyespot, when’ pres- 
ent, is not associated with a chloroplast. 

Chloroplasts are present or absent and 
may or may not have pyrenoids. They are 
grass-green and have the same chlorophylls 
(a and b) as the Chlorophyceae, plus £- 
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carotene and several xanthophylls. The 
principal xanthophyll is diadinoxanthin, as 
in the dinoflagellates. The name anthera- 
xanthin was applied to this xanthophyll in 
euglenoids before its identity with diadino- 
xanthin was discovered. 

Nutrition varies from autotrophic to 
saprophytic to holozoic. Some of the chlor- 
ophyllous forms are wholly autotrophic, 
but others require vitamin Bız or an or- 
ganic source of nitrogen. The chlorophyl- 
lous species, or most of them, can live 
saprophytically when deprived of light, but 
those which have been carefully studied 
apparently do not usually ingest significant 
quantities of food through the gullet. Some 
forms are facultatively saprophytic or holo- 
zoic, ingesting small food particles through 
the gullet as well as absorbing dissolved 
foods. A few members of the group are 
internal parasites of amphibia and inverte- 
brates. 

The principal food reserve of eugle- 
noids is paramylon, an insoluble polyglucan 
similar to the laminarins of the Chryso- 
phyta and Phaeophyta. For the chemically 
inclined student we may note that the glu- 
cose residues of both paramylon and lami- 
narian have 8-1,3 linkages, in contrast to 
the a-1,4 linkages of starch. Euglenoids 
also store food as lipids. 


Mitosis in euglenoids follows a unique 
pattern, unlike that of any other group of 
plants or animals. There is apparently no 
spindle. There is no centriole, and the 


blepharoplast apparently has nothing to do 
with mitosis. The nucleolus retains its 
identity throughout, pinching in two as 
the chromosomes separate. 

Reproduction - ordinarily occurs by 
mitotic cell divisions. Sexual reproduction 
in the ordinary sense is apparently lacking. 
It does appear, however, that mitotic di- 
vision of the nucleus is on rare occasions 
followed by fusion of daughter nuclei and 
meiosis, all within the confines of the origi- 
nal pellicle. These observations suggest 
that the ancestors of the euglenoids may 
have had a normal sexual cycle, and that 
the capacity for nuclear fusion and reduc- 
tion division is still maintained, being called 
forth only under unusual circumstances. 
Cells of some genera may go into a resting 
stage and secrete a wall consisting of an 
unidentified carbohydrate. 
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REPRESENTATIVE GENERA 


EUGLENA 


The most characteristic genus of the 
class is Euglena (Figs. 11.1, 11.2), which 
occurs in both fresh and salt water (in- 
cluding Great Salt Lake), but is com- 
monest in “fresh” water that is rich in or- 
ganic matter, such as in barnyard pools. 
The cells have a flexible pellicle and change 
shape freely while they swim, varying from 
slenderly cigar-shaped to pear-shaped. 
There are usually numerous discoid to 
band-shaped chloroplasts. There are two 
flagella, but one is very short and con- 
tained within the gullet. Before the second 
flagellum had been clearly distinguished, it 
was thought that the one visible flagellum 
was forked at the base. An eyespot is usu- 


Fig. 11.1 Euglena. Varying 
shapes assumed by a single cell; 
e.s., eyespot; g., gullet. The cell 
at the lower right is in a resting 
stage, with a definite wall and 
without a flagellum. (X500.) 


De 


e 

4 Fig. 11.2 Euglena. (X about 
+ 1000.) (Courtesy CCM: Gen- 
- eral Biological, Inc., 


Chicago.) 
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ally but not always present. Thick-walled 
resting cells are frequently produced. 

Euglena (and presumably other eugle- 
noids) make lysine (an essential amino 
acid) in an unusual way, following what is 
known as the amino-adipic pathway. The 
majority of fungi also follow this same 
pathway in making lysine, but no other 
organisms are known to do so. 


CoLACIUM 


Nearly all members of the Eugleno- 
phyceae are placed in the order Euglenales, 
typified by Euglena. The genus Colacium 
(Fig. 11.3), consisting of two species, is so 
different from the other genera that it is 
placed in a distinct, unifamilial order, the 
Colaciales. The cells of Colactum have a 
gullet, but they are nonmotile and are en- 
closed by a firm, gelatinous wall. One end 
of the wall is prolonged into a stalk by 
which the cell is attached to the body of 
one or another kind of zooplankton. Often 
the cells occur in colonies which have a 
common stalk. The cells have well-devel- 
oped chloroplasts and do not parasitize the 
host. The gullet is not functional. Vegeta- 
tive cells lack flagella, but the protoplast 
of a cell may escape from the wall as a uni- 
flagellate, euglenoid zoospore which soon 
settles down and secretes a new gelatinous 
wall. 


RELATIONSHIPS 


The Euglenophyceae are interesting 
because they form a well-defined, coherent 
group poised on the border between the 
plant and animal kingdoms. Colacium is 
surely a plant; Euglena could with some 
justice be regarded as either a plant or an 
animal, depending on the point of view; 
and the holozoic genera are surely animals. 





Fig. 11.3 Colacium; e.s., eyespot; g., gullet. 
(X 1200.) 


The euglenoids have been variously 
treated as an order of the Protozoa, as an 
order of the Chlorophyceae, as a class of 
the Chlorophyta, as a class of a larger 
division encompassing the groups here 
treated as the divisions Pyrrophyta, Chryso- 
phyta and Phaeophyta, and as a division 
Euglenophyta. Divisional status for the 
group was first proposed by Pascher in 
1931. The euglenoids are an embarassment 
to any of the present schemes of classifica- 
tion and possible evolutionary relationships 
among the algae, recalling the green algae 
in some respects (presence of chlorophyll 
b, and preponderance of chlorophyll over 
carotenoid pigments, giving grass-green 
chloroplasts), the dinoflagellates in others 
(pectinate flagella, presence of diadino- 
xanthin), and the Chrysophyta in still 
others (laminarin-like food reserves). The 
characteristic cytopharynx (gullet) is ob- 
viously a specialization, for which it might 
be possible to see some potential precursors 
among the green algae, but the unusual 
type of mitosis may well be a primitive 
feature. 


SUGGESTED READING 


Leedale,, Gordon F., Euglenoid flagellates, 
Prentice-Hall, Englewood Cliffs, NJ., 
1967, 242 pp. A comprehensive study. 


12 


DIVISIONS 


PYRROPHYTA 


AND CRYPTOPHYTA 


a common 


id 


Pyrodinium bahamiense 


triatum. Bottom, 


ins 


inium 


Gyrod 


Top, 


inoflagellates. 
cause of phosphorescence of waters about Puerto R 


of John Lee. 


D 


(Photomicrographs courtesy 


ICO. 


) 


Ye to 


PENS 


SS HES 
4” SO 


a 





PYRROPHYTA: Mostly unicellular flagellates, the nonmotile forms 
unicellular, colonial, or filamentous, and producing zoospores which 
resemble vegetative cells of motile genera; protoplast eukaryotic, but 
with an unusual, perhaps primitive type of chromosome which lacks 
histone proteins and remains condensed during interphase, having a 
characteristic, beaded appearance; chloroplasts, when present, mostly 
golden brown to sometimes yellowish green, with a high proportion of 
carotenoids to chlorophyll, containing chlorophyll a, chlorophyll c, 
8-carotene, and several characteristic xanthophylls, including peridinin 
(the principal xanthophyll, nearly unique to this division), diadinoxanthin, 
and dinoxanthin; motile cells with two more or less dissimilar flagella, 
both tinsel, one commonly pectinate and attached lengthwise to a firmer 
axis (generally described as band-shaped), the other generally pinnate; 
cell wall, when present, usually of cellulose and consisting of two valves, 
or divided into interlocking plates, or both; food reserves mostly starch; 
reproduction chiefly asexual, rarely sexual and isogamous. 


PYRROPHYTA 


CHARACTERISTICS 


The essential features of the Pyrro- 
phyta are indicated in the italic paragraph 
above. Possibly the most distinctive feature 
of the group is the chromosomal structure, 
which requires some further comment. 

The Pyrrophyta are apparently uniquc 
among eukaryotes in that they lack the 
histone proteins which are characteristic- 
ally associated with eukaryotic DNA. This 
absence may relate to the fact that the 
chromosomes remain compact during in- 
terphase, instead of stretching out into 
slender chromonemata. The interphase 
chromosomes have often been described as 
monihform (constricted at regular inter- 
vals, like a string of beads). The chromo- 
somes do not have a centromere, there are 
no tractile fibers, and there is no spindle. 
A nucleolus is present or absent, according 
to the genus; when present it may, divide 
during mitosis as in Euglena, or it may 
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disappear and form again de novo as in 
most eukaryotes. Mitosis in the Pyrrophyta 
might most nearly be compared to that in 
euglenoids, which, however, have a more 
ordinary chromosome structure. 

It has been suggested that the nuclear 
strueture and behavior of the Pyrrophyta 
are relatively primitive, as compared to 
other eukaryotes, and some botanists would 
go so far as to set up for them a group 
Mesokaryota, intermediate between the 
Prokaryota and Eukaryota. A possible 
counterweight to this idea is the fact that 
the pyrrophytan chromosome appears to 
consist of several or many reduplicated 
chromoncmal strands. This possible redup- 
lication may be regarded as a way of main- 
taining the necessary ratio of DNA to cell 
size in organisms with relatively large cells. 
The chromosomes of the euglenoids are 
also relatively large, but the associated pro- 
tein masks their internal structure. The 
crvptomonads, on the other hand, have 
very numerous (often a hundred or more) 
small chromosomes, possibly indicating 
reduplication of genetic material in separ- 
ate chromosomes. 


DESMOPHYCEAE 


The Desmophyceae are Pyrrophyta in 
which the two flagella are attached at one 
end of the cell, which has neither a 
groove nor a gullet. The flagella tend to 
differ in position and movement, but are 
otherwise not very different as seen under 
conventional microscopes. EM studies in- 
dicate that the longer, trailing flagellum 1s 
at least sometimes pinnate, the other one 
being pectinate and undulatory along an 
axis to which it is attached lengthwise. ‘The 
cell wall, when present, consists of two 
longitudinal halves or valves that are not 
subdivided into definitely arranged plates. 


The Desmophyceae were first recog- 


nized as a natural group by Pascher in 
1914. The class contains only about half a 
dozen genera and 30 species, all rare, and 
mostly marine. Motile genera without a 
wall, including Desmomonas, the type 
genus, are placed in the order Desmomo- 
nadales. Motile genera with a wall, includ- 
ing Exuviaella and Prorocentrum, are 
placed in the order Prorocentrales. Desmo- 
capsa, nonmotile and‘with a wall, is placed 
in the order Desmocapsales. 

Exuviaella (Fig. 12.1) may be taken 
as representative of the Desmophyceae. 
The cells are solitary, slightly compressed, 
and have two apical flagella. One flagellum 
trails and propels the cell through the wa- 
ter. The other undulates at right angles to 
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the propulsive flagellum and causes the cell 
to rotate during its progression. The cell 
wall is composed of cellulose and consists 
of two longitudinally apposed valves, with 
a pore at the flagellar end. Several noncon- 
tractile vacuoles sometimes occur near the 
flagellar end of the cell, but there is no 
large central vacuole. There are two large, 
thin, brownish chloroplasts, with or with- 
out pyrenoids. Small droplets of oil and 
minute granules of starch are scattered in 
the cytoplasm or associated with the pyre- 
noid. Reproduction is by cell division. Each 
of the two daughter eells retains one of the 
two valves of the parent cell and forms a 
new valve opposite the old one. 


DINOPHYCEAE 


The Dinophyceae are Pyrrophyta in 
which the two flagella are inserted in a 
transverse or spiral groove (the girdle), 
with one flagellum trailing and the other 
lying in the groove. Usually the groove 
more or less completely encircles the cell. 
The trailing, propulsive flagellum is at least 
sometimes af the pinnate type. The trans- 
verse flagellum has usually been described 
as ribbon-shaped. Recent EM investiga- 
tions show it to be pectinate and undulate 
along an axis to which it is attached, as if 
the axis had been shortened like a draw 
string. This axis is a structure in addition 
to the ll-strand (9 -+ 2) flagellum that is 


Fig. 12.1 Left, Exuviaella: sur- 
face view and in section; n., 
nucleus; v., vacuole. (X1000.) 
Right, | Gymnodinium: cp., 
chloroplast; gi., girdle; su., 
sulcus. (1500.) 
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attached to it. Often the dinoflagellate 
cell has a definite eyespot. 

The class includes photosynthetic au- 
totrophs, saprophytes, external and internal 
parasites of fish and other animals, and 
holozoic organisms which ingest small par- 
ticles of food. Some individuals are at once 
autotrophic and holozoic, both making 
and ingesting food. A large majority of the 
species are unicellular flagellates, called 
dinoflagellates. Genera with nonmotile 
vegetative cells produee zoospores which 
resemble vegetative cells of the motile 
genera. Here again we see the recapitula- 
tion principle mentioned in an earlier 
chapter. 

Most Dinophyceae oceur in the ocean, 
especially in warmer regions. ‘They often 
become so numerous that they color the 
sea water bright-yellow to red. Some spe- 
cies of Noctiluca, Gymnodinium, Peridin- 
ium, and other genera of dinoflagellates 
are luminous in the dark, and when the 
individuals are very numerous the sea glows 
at night. This phosphorescence of sea wa- 
ter can be caused by a wide varicty of 
plankton organisms, both plant and ani- 
mal, but dinoflagellates are by far the most 
common cause. 

The Dinophyceae were first recognized 
as a natural group by Ehrenberg in 1838. 
There are about 1000 species, which may 
be organized into 8 orders. Only three 
orders, the Gymnodiniales, Peridiniales, 
and Dinophysidales, are represented by 
large numbers of species. 

Gymnodinium (Fig. 12.1) may be 
taken as representative of the dinoflagel- 
lates which lack a wall. The cell is 
bounded by a firm periplast with a fixed 
shape. The girdle encircles the cell in a 
loose spiral, the separated ends of the 
spiral being joined by a longitudinal fur- 
row called the sulcus. The mbbon-like 
transverse flagellum is inserted at the junc- 
tion of the sulcus with the upper end of the 
girdle; the whiplash trailing flagellum is in- 
serted farther down in the sulcus, often 


near the lower end of the girdle. Most spe- 
cies have numerous small golden-brown 
chloroplasts. Sometimes the chloroplasts 
are more bluish or greenish, or wanting. 
Some species also have abundant (often 
red) pigments distributed through the ey- 
toplasm and masking the plastids. Aeeord- 
ing to the species, the organisms are auto- 
trophic, saprophytic, holozoic, or at onee 
autotrophic and holozoic, both making and 
ingesting food. Reproduction is usually by 
cell division. Sometimes the eell goes into 
a resting stage and secretes a wall. The 
protoplast of the cell may emerge from its 
wall and return direetly to the vegetative 
state, or several zoospores may first be 
formed within the wall. 

The armored dinoflagellates, such as 
Peridinium (Fig. 12.2), have a more or 
less Gymnodinium-like protoplast sur- 
rounded by a wall that usually contains 
eellulose, consisting of a definite number 
of plates arranged in a definite pattern. One 
of these plates encireles the eell at the re- 
gion of the girdle, dividing the remainder 
of the wall into two parts, each composed 
of several plates. The flagella emerge 
through small pores in the wall. One fla- 
gellum trails; the other lies in the groove 
at the region of the girdle. Nearly all ar- 
mored dinoflagellates are photosynthetic, 
forming starch as a reserve food. Some also 
evidently ingest food particles by an un- 
determined means, whieh may perhaps in- 
volve extrusion of part of the protoplast 
between the plates of the cell wall. 


ECONOMIC IMPORTANCE 


The dinoflagellates are one of the 
most important ultimate sourees of food 
for fish and other animals in the warmer 
parts of the ocean. 

The sporadie red tides on the eoast of 
Florida are eaused by Gymnodinium breve, 
and other dinoflagellates of this and other 
genera eause similar phenomena elsewhere. 
Gonyaulax polyhedra has been identified 





as a species responsible for red tides along 
the California coast. The red tides caused 
by Gymnodinium breve kill large numbers 
of fish and other marine animals, and some 
other species of this and other genera of 
dinoflagellates have similar effects, al- 
though still others are apparently harmless, 
even when sufficiently abundant to color 
the water. The concentration sometimes 
reaches 20,000 individuals per cc of water; 
250 per cc is enough to begin to poison 
fish. The effect is due to a specific neuro- 
toxin released into the water as a result of 
the metabolic activities of the flagellates. 


RELATIONSHIPS 


The Pyrrophyta, like the Eugleno- 
phyta, are on the borderline between the 
plant and animal kingdoms. At one ex- 
treme they are clearly plants, and at the 
other they are clearly animals; yet the 
group obviously hangs together and cannot 
be effectively divided into plant and ani- 
mal segments. The ancestry undoubtedly 
must lie with the plants (i.e., with photo- 
synthetic organisms), but beyond that the 
situation is not clear. The unique chromo- 
somes, lacking histone proteins, have been 
thought to be very primitive, but nothing 
else about the group suggests that they are 
primitive with regard to other flagellates. 
Various features of pigmentation, flagellar 
structure, body form, cell wall, and food 
reserves tend to ally them with the group 
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Fig. 12.2 A, Peridinium. 
(X500.) B, Dinothrix, fila- 
ment, stereoscopic view; C, 
Dinothrix, cross section of a 
single cell, cp., chloroplast; 
c.w. cell wall; g.s., gelati- 
nous sheath; n., nucleus; v., 
vacuole. 


of divisions (Cryptophyta, Chrysophyta, 
Phaeophyta) which have a high proportion 
of carotenoids to chlorophyll. The mitotic 
process and a xanthophyll (diadinoxan- 
thin) that they have in common tend to 
ally them to the Euglenophyta as well. At 
the present time, however, no one of these 
groups appears to be either ancestral to or 
derived from the Pyrrophyta. 


CRYPTOPHYTA 


The division Cryptophyta consists of 
a single class, the Cryptophyceae, first rec- 
ognized as a natural group by Klebs in 
1892. The Cryptophyceae have often been 
included in the division Pyrrophyta, fol- 
lowing Pascher (1914), but the accumula- 
tion of information in the past two dec- 
ades has made this disposition of the group 
progressively less tenable. 

The Cryptophyceae, commonly called 
cryptomonads, are unicellular flagellates 
with the flagella attached in a groove or a 
distinct gullet, usually at or near one end 
of the cell. The flagella, which are usually 
slightly unequal, have generally been de- 
scribed as narrowly nbbon-shaped, but re- 
cent EM studies indicate that in at least 
some members of the group one flagellum 
is pectinate and the other pinnate. In this 
respect they resemble the dinoflagellates, 
but the draw-string lateral axis of the pecti- 
nate flagellum of dinoflagellates is appar- 
ently absent from the cryptomonads. 
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The cells of cryptomonads are asym- 
metrical and somewhat compressed. A few 
genera have a cellulose wall, and one has 
a lorica; the others have the cells bounded 
by a flexible periplast, as in Euglena and 
in many dinoflagellates. Cryptophyceae oe- 
cur in both fresh and salt water, sometimes 
in fresh water that is rich in organic mat- 
ter. Some genera lack chlorophyll and are 
saprophytic or holozoic. 

The nuclear structure and mitotic ap- 
paratus of the Cryptophyceae, insofar as 
they have been studied, appear to be of 
ordinary type. The chromosomes are nu- 
merous (often more than 100) and small. 
It has been suggested that this high num- 
ber may reflect the presence of several 
genomes instead of the typical two genomes 
of ordinary diploid cells of other organisms. 

The Cryptophyceae resemble the Pyr- 
rophyta, Chrysophyta, and Phaeophyta in 
having a high proportion of carotenoids to 
chlorophyll, so that the cells appear dingy 
rather than grass-green. They have chloro- 
phyll c in addition to chlorophyll a, as do 
the diatoms, pyrrophytes, and brown algae. 
In other respects, however, their pigment 





system 1s very different. Cryptomonads 
have more e- than g-carotene, and they 
have a unique set of xanthophylls, called 
alloxanthin, monadoxanthin, and croca- 
xanthin. Furthermore, they regularly have 
phycobilins as significant photosynthetic 
accessory pigments. These phycobilins, in- 
cluding both phycocyanin and phyco- 
erythin, are slightly different from those of 
the red algae and blue-green algae, reflect- 
ing differences in the attached proteins 
rather than in the tetrapyrrolic prosthetic 
group. 

The cryptomonads are reported to store 
carbohydrate as starch, but more detailed 
reports are scanty. A species of Chilomo- 
nas has been reported to produce amylose 
(one of the components of starch) with 
relatively few (about 22) glucose residues 
per molecule. 

Cryptomonas (Fig. 12.3), a fresh- 
water genus, may be taken as representa- 
tive of the group. Its cells are slightly com- 
pressed, more or less elliptic, and bounded 
by a firm periplast which has an evident 
longitudinal groove. Two slightly unequal 
Hagella are inscrted in a gullet near one 


Fig. 12.3 Cryptomonas. Left, 
surface view; right, internal; cp., 
chloroplast; c.v., contractile 
vacuole; gr., groove; gu., gullet; 
n., nucleus; s., starch granules. 
(X1100.) 


Fig. 12.4 Left, Phaeoplax, 
colony (X1300) and zoo- 
spore (X3500); cp., chloro- 
plast; n., nucleus. Right, 
Tetragonidium, two views 
(X900); cp., chloroplast; n., 
nucleus. 


DIVISIONS PYRROPHYTA AND CRYPTOPHYTA 173 


% 
n 
ae ace 

Sy ne etn ee 
Mn Wan, Len hao aS 











(1) Gonyaulax, an armored dinoflagellate, 
(X450); (2) Peridinium (225); (3) Gymnodinium (X450); 
(4) Gymnodinium (X450)—note the trailing flagellum; (5) Katodinium (X350); (6) 
Katodinium (X450); (7) Glenodinium, showing chloroplasts (x900); (8) Gyrodinium 
(x400). (Photomicrographs courtesy of John Lee and John J. A. McLaughlin.) 


Fig. 12.5 Miscellaneous dinoflagellates: 
showing plates of cell wall 
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end of the cell. The gullet is a simple in- 
vagination of the periplast, lined with 
small spindle-shaped cavities of uncertain 
function called trichocysts. A single con- 
tractile vacuole lies alongside the gullet 
and empties into it. There arc one or two 
large, thin, flattened chloroplasts which 
are usually yellowish to olive green. Gran- 
ules of starch are scattered in the cytoplasm 
or associated with pyrenoids on the chloro- 
plasts. There is no central vacuole. Repro- 
duction is by mitotic cell division. Prior to 
dividing, a cell becomes immobile and 
surrounded by mucilage. 

Only a few genera and well under 100 
species of Cryptophyceae are known, and 
most of these are rare. Most (or, by some 
botanists, all) of the genera are included in 
a single order, the Cryptomonadales. Sev- 
eral of these genera form temporary pal- 
melloid colonies of nonmotile cells, as de- 
scribed under Chlamydomonas. In one 
genus, Phaeoplax (Fig. 12.4) such colo- 
nies are more or less permanent, and the 
temporary motile cells are regarded as 
zoospores. Some algologists establish for 
this genus a separate order (Phaeoplaci- 
dales), which bears the same sort of mor- 
phologic and presumably phyletic relation- 


ship to the Cryptomonadales that the order 
Tetrasporales of the green algae bears to 
the Volvocalcs. 

In the genus Tetragonidium (Fig. 
12.4) the cells are solitary, nonmotile, and 
provided with a cellulose wall. The cells do 
not divide vegetatively, and reproduction 
is by the formation of biflagellate zoo- 
spores which resemble vegetative cells of 
the Cryptomonadales. Some algologists es- 
tablish for this genus a separate order 
(Tetragonidiales), which bears the same 
morphologic and presumably phyletic re- 
lationship to the Cryptomonadales that 
the Chlorococcales of the green algae 
bear to the Volvocales. 
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Fragilaria, a colonial diatom. (<1700.) (Photomicrograph courtesy of Elsa O’Donnell- 
Alvelda.) 








Plants unicellular, colonial, or filamentous, the cell wall, when present, 
seldom containing appreciable quantities of cellulose, often silicified, very 
often of two overlapping halves; flagella, when present, usually two and 
dissimilar, one pinnate, one whiplash, seldom only one (pinnate) or 

both whiplash; nucleus dividing mitotically; chloroplasts, when present, 
mostly yellowish-green to golden-brown, with a high proportion of 
carotenoids to chlorophyll, commonly including diatoxanthin and 

often fucoxanthin and sometimes diadinoxanthin as important 
xanthophylls, but seldom with appreciable quantities of peridinin; 
chlorophyll b lacking, but chlorophyll c or e sometimes present; food 
reserves generally chrysolaminarin (a B-1,3-linked polyglucan allied to 
laminarin and paramylon, in the past often called leucosin) and/or oils; 
often produce statospores, which are unique to this division. Four classes, 
the Chloromonadophyceae, Xanthophyceae, Chrysophycéae, and 


Bacillariophyceae. 


The basic similarities among the Xan- 
thophyceae, Chrysophyceae, and Bacil- 
lariophyceae were first pointed out by 
Pascher, who in 1914 proposed the division 
Chrysophyta to cover these classes. The 
Xanthophyceae and Chrysophyceae are 
closely allied classes, evidently dcrived 
from flagellates of chlorophycean nature. 
The Bacillariophyceae are more isolated, 
and some phycologists would establish a 
separate division for them. The distinctive 
features which mark the Bacillariophyceae 
are, however, wholly compatible with a re- 
lationship to the Chrysophyceae and Xan- 
thophyceae. A fourth class, the Chloro- 
monadophyceae, treated in this text as a 
doubtful member of the Chrysophyta, was 
regarded by Pascher and many later algol- 
ogists as a group with uncertain affinities. 
Two other groups sometimes treated as dis- 
tinct elasses, the Prasinophyceae and Hap- 
tophyceae, are mentioned under the 
Xanthophyceae and Chrysophyceae, re- 
spectively. 
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Chloromonadophyceae 
(Chloromonads) 


The Chloromonadophyceae are uni- 
cellular, flagellated chrysophytes which or- 
dinarily lack a cell wall. Chloroplasts, 
when present, are numerous, discoid, and 
bnght-grecn to yellowish-green; the pig- 
ments are not yet fully known, but may 
prove to be the same as those of the Xan- 
thophyceae. Food reserves occur as minute 
droplets of oil. Reproduction is by cell 
division. The flagella are attached at or 
near one end of the cell. The swimming 
flagellum projects forward and is probably 
of the pinnate type; the trailing flagellum, 
of the whiplash type, is so slender and lies 
so close to the body of the cell that it is 
easily overlooked. A reservoir lies just be- 
neath the flagella, and one or more con- 
tractile vacuoles lie close to the reservoir. 
The nucleus occupies a more or less cen- 
tral position, and there is no evident cen- 
tral vacuole. Although the cells are usually 


naked and motile, they sometimes go into 
a temporary nonmotile stage in which they 
round up, lose their flagella, and secrete a 
gelatinous wall. Sometimes the cells divide 
while in this encysted condition, producing 
temporary palmelloid colonies. 

The chloromonads were first recog- 
nized as a natural group by Klebs in 1892. 
There are only a few genera and species; 
most or all of these are placed in a single 
family, the Vacuolariaceae (Chloromona- 
daceae), which makes up the order Chloro- 
monadales. 

Gonyostomum (Fig. 13.1), a fresh- 
water genus, may be taken as representa- 
tive of the family, order, and class. The 
cells are compressed, more or less ovate to 
nearly circular in outline, and bounded by 
a flexible periplast. The chloroplasts are a 
distinctive bright green. Many slender 
trichocysts lie just within the periplast. 
The trichocysts are perhaps a defense 
mechanism; under certain conditions they 
produce or become long threads of slime 
that project from the cell. 

The systematic position of the Chlo- 
romonadophyceae is somewhat doubtful. 
The Cryptophyceae and Xanthophyceae 
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have been suggested as their most likely 
allies. The differences between these two 
groups in pigments, flagellar structure, and 
food reserves should facilitate the place- 
ment of the chloromonads when the nec- 
essary information becomes available. At 
present only the information on food re- 
serves is definite, and the Chloromonado- 
phyceae are accordingly for convenience 
treated with the Chrysophyta, which they 
resemble in producing oils rather than 
starch. 

The chloromonads are of little eco- 
nomic importance. Like other algae, they 
contribute directly or indirectly to the 
food supply of aquatic animals. 


Xanthophyceae (Yellow-green 
algae) 


HISTORY AND DEFINITION 


The genera of algae with yellow-green 
chloroplasts and lacking starch were seg- 
regated as an order of the Chlorophyceae 
by the Italian botanist. Antonino Borzi 





n. SUNT Am 








Fig. 13.1 Gonyostomum 
semen. Above, stereoscopic 
view. Center, cross section: cp., 
chloroplast; c.v. contractile 
vacuole; n., nucleus; t., tricho- 
cyst. Below, surface view only, 
from the side. (x500.) (After 
Drouet and Cohen.) 
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(1852-1921) in 1889. In 1899 the Finnish 
botanist Alexander F. Luther pointed out 
that these genera also differ from typical 
green algae in the nature of the flagella. 
He elevated the yellow-green algae to the 
status of a class, under the name Hetero- 
kontae, but the later name Xanthophyceae 
(1930) is now generally preferred as being 
more in accord with standard nomencla- 
tural principles. 

The Xanthophyceae are Chrysophyta 
with yellowish-green chloroplasts that con- 
tain chlorophyll a, B-carotene, and the xan- 
thophylls diatoxanthin and diadinoxanthin. 
Some of them have been reported to con- 
tain an accessory chlorophyll called chloro- 
phyll e, but the nature of chlorophyll e is 
uncertain; it may be an artifact resulting 
from the method of extraction and analysis. 
Most of the Xanthophyceae are probably 


not highly efficient photosynthetically, pos- 
sibly beeause of the lack of an effective 
accessory chlorophyll. 

The cell wall of Xanthophyceae, when 
present, consists of pectic compounds, 
often impregnated to some extent with 
silica; cellulose seldom occurs in appreci- 
able amounts. Often the cell wall 1s com- 
posed of two overlapping halves, which fit 
together like the halves of a pillbox or 
medicinal capsule, but this construction 
can be demonstrated only by carcful 
chemical treatment. In the multicellular 
filamentous genera, the halves of adjacent 
cell walls are joined back to back, so that 
in longitudinal section the wall of a fila- 
ment seems to consist of a series of H- 
pieces, as illustrated in Fig. 13.2. 


Nuclei of the Xanthophyceae are so 
small that they are difficult to recognize in 
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Fig. 13.2 A-E, Botrydiopsis 
arhiza. A, zoospore; B-D, 
growing vegetative cells, 
stereoscopic view; E, multi- 
nucleate vegetative cell, in 
section. (X750.) F-L, Tri- 
bonema, F, G, vegetative 
cells, in stereoscopic and 
sectional view. (X500.) H, 
aplanospore. (X500.) l-K, 
wall structure and formation 
of new walls. (X750) L, 





sry 
So zoospore: cp., chloroplast; 
OASAN n., nucleus. (X900.) 


living cells; those which have been care- 
fully investigated have the same structure 
as in most other eukaryotes. 

Food reserves of the Xanthophyceae 
are typically stored as chrysolaminarin, an 
insoluble polyglucan with 8-1,3 linkages, 
as in laminarin and paramylon. Sometimes 
oils are produced in addition to or instead 
of chrysolaminarin. 

Flagella, when present, are generally 
two and dissimilar, and attached at one 
end of the cell. The longer flagellum 1s 
pinnate, the shorter one whiplash. 


CLASSIFICATION 


There are about 400 species of Xan- 
thophyceae. Most of them occur in fresh 
water or in subaerial habitats, but a few 
are marine. Most of the theoretically pos- 
sible types of body organization discussed 
under the green algae occur in the Xan- 
thophyceae, although some types are rep- 
resented by only a few members; there are, 
for example, but few flagellates. The amoe- 
boid types are commonly at once auto- 
trophic and holozoic, both making and in- 
gesting food. The class may be divided into 
six orders, with the Heterococcales having 
more genera and species than the other 
orders combined. 

A group of algal flagellates with minute 
scales and hairs on the surface of the 
flagella, and with minute scales on the 
otherwise naked body surface, was desig- 
nated as a new class Prasinophyceae in 
1960 by the French algologist Marius M. 
Chadefaud (1900- ), and his sugges- 
tion is gaining some currency among algol- 
ogists. Unfortunately, these features can be 
observed only in EM preparations, so the 
number of genera to be included in the 
group (if the group is to be recognized at 
all) is still most uncertain. Some of the 
genera included in the Prasinophyceae had 
previously been referred to the Chloro- 
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phyceae, some to the Xanthophyceae, and 
some to the Chrysophyceae. Several of 
them have more than the usual two flagella 
of related groups (often four), but others 
have only one. The chemistry of the pig- 
ments and food reserves in these several 
genera mostly remain to be elucidated; 
electron microscopists are not biochemists. 

Halosphaera, a plankton alga common 
in warm seas, is onc of the genera now 
referred to the Prasinophyceae. It has large, 
spherical, nonmotile individual cells that 
are provided with a silicified wall of tvpical 
chrysophytan pillbox construction. Its zoo- 
spores, howcver, are much like ordinary 
cells of Pyramimonas, a typical prasinophy- 
cean alga with four flagella. If Halosphaera 
is to be included in the Prasinophyccae, 
the group must surely be closely allied to 
the Xanthophyceae. 

The uncertainties regarding the status 
and position of the Prasinophyceae illus- 
trate the fact that the broad statements 
commonly made about detailed chemistry 
and fine structure of major groups of plants 
are often based on ‘relatively few analyses. 
If the pigmentation and food reserves of 
most of the genera of algae had been care- 
fully studied, the degree of consistency of 
these features would be more firmly estab- 
lished, and the proper status of the Prasi- 
nophyceae might be more readily deter- 
mined. 


REPRESENTATIVE GENERA 


BotRYDIOPSIS 


Botrydiopsis (Fig. 13.2) is a widely 
distributed genus occurring on moist soils, 
seldom in any great abundance. The cells 
are solitary and spherical, with a thin wall 
composed of pectic compounds. Mature 
cells have numerous disk-shaped, evenly 
spaced chloroplasts. The cells do not di- 
vide vegetatively. Sexual reproduction is 
unknown in the genus. 
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Zoospores are formed by repeated mi- 
totic division of the protoplast within the 
wall of the parent cell. Young, relatively 
small cells may produce as few as four 
zoospores; older, larger cells may produce 
more than 200. The zoospores have two 
unequal flagella, one whiplash, one pin- 
nate, and they usually have only one or 
two chloroplasts. Each zoospore soon loses 
its flagella and develops directly into a 
vegetative cell. Under some circumstances 
aplanospores (lacking flagella, and with a 
wall) are produced instead of zoospores. 
Aplanospores sometimes develop directly 
into vegetative cells, just as do zoospores; 
in other cases they form a thick wall and 
go into a resting state, after which the 
protoplast divides into a number of zoo- 
spores or aplanospores. 


TRIBONEMA 


Tribonema (Fig. 13.2) is a common 
filamentous alga of temporary pools and 
standing water, superficially resembling 
some of the green algae, except for a slight 
difference in color. The filament is un- 
branched and consists of a single row of 
cylindric or barrel-shaped cells joined end 
to end. Observation after careful chem- 
ical treatment shows that the wall of 
each cell consists of two halves, as de- 
scribed on p. 178. The cells are uninu- 
cleate and contain few to many discoid 
yellow-green chloroplasts, according to the 
species. 

Asexual reproduction occurs by frag- 
mentation of the filaments, or by the pro- 
duction of zoospores, aplanospores, or 
akinetes. Aplanospores are the most com- 
mon type of spore. One or several ellipsoid 
aplanospores may be formed within the 
wall of the parent cell. Zoospores are more 
or less pear-shaped, with two dissimilar 
terminal flagella and two to several chloro- 
plasts; they are usually borne singly in the 
cells. Both zoospores and aplanospores are 
liberated by disarticulation of the two 


halves of the wall of the parent cell. The 
wall of an aplanospore, like that of the par- 
ent cell, consists of two halves. A germinat- 
ing aplanospore sheds its wall, and devel- 
ops a new wall after elongating to become 
the first cell of a new filament. Zoospores, 
after swimming about for some time, settle 
down, lose their flagella, and develop a wall 
with a basal holdfast. After several divi- 
sions the terminal part of the filament 
breaks away and continues to grow as a 
free-floa.ring filament. 

Sexual reproduction occurs by fusion 
of gametes which are initially similar and 
biflagellate. One of each pair of fusing 
gametes comes to rest and withdraws its 
flagella just before syngamy takes place. 
The first division of the zygote is probably 
meiotic. 


V AUCHERIA 


Vaucheria (Fig. 13.3) is a well-known 
genus occurring in fresh and salt water and 
on moist soil. The thallus is a sparingly 
branched coenocytic filament, sometimes 
several centimeters long, with a continuous 
protoplast and scattered nuclei. Terrestrial 
specics sometimes have colorless rhizoids 
(root-like filaments) penetrating the soil. 
A well-developed central vacuole extends 
the length of the filament. The numerous, 
small, spherical to ellipsoid, yellow-green 
chloroplasts without pyrenoids occur in 
the outer layer of the cytoplasm, and the 
numerous, even smaller nuclei occur in the 
inner layer. Food reserves occur as small 
droplets of oil. The filament and its 
branches grow by terminal elongation. The 
wall is relatively thin and is composed of 
pectic substances. 

Asexual reproduction occurs by the 
formation of zoospores, aplanospores, or 
akinetes. A zoosporangium is the swollen, 
club-shaped end of a branch, delimited 
from the rest of the branch by a cross wall. 
Each zoosporangium contains a single mul- 
tinucleate zoospore, with numerous pairs of 
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Fig. 13.3 Vaucheria. Life cycle, sexual at right, asexual at left. (From W. H. Brown, The 
plant kingdom, copyright 1935 and 1963; courtesy of Ginn & Company, Boston.) 


flagella of about equal length. ‘The proto- 
plast of the zoospore, unlike that of the 
mature filament, has the chloroplasts in 
the inner layer of cytoplasm and the nuclei 
in the outer layer. Each pair of flagella 1s 
associated with a nucleus just beneath it. 
The zoospore escapes through a pore 
formed by softening of the wall at the end 
of the sporangium. After swimming about 
for as much as half an hour, the zoospore 
settles down, retracts its flagella, and de- 
velops a wall. Germination follows im- 
mediately, with one to three filaments being 
produced by local distension of the wall. 
In terrestrial species the protoplast of 
a sporangium often develops into a thin- 
walled aplanospore or a thin-walled aki- 
nete, or less often into numerous thin- 
walled aplanospores. Aplanospores are 
liberated by irregular rupture of the wall 


of the sporangium. Akinetes may become 
detached from the filament or may ger- 
minate in place. Sometimes the whole pro- 
toplast of the filament of terrestrial species 
may divide into a series of thick-walled 
aplanospores. These may give rise di- 
rectly to new filaments or may divide to 
form cells which pass through an amoe- 
boid stage before developing into new 
filaments. 

Sexual reproduction is odgamous. 
Most species, including all the fresh-water 
and terrestrial ones, are homothallic; both 
types of gamete are borne on the same fila- 
ment. Antheridia and oégonia (Fig. 13.4) 
are commonly borne on adjacent short lat- 
eral branches. The antheridium is delim- 
ited by a transverse wall in the branch and 
is commonly recurved, so that the branch is 
hook-shaped. Numerous uninucleate, ter- 
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minally biflagellate sperms are produced in 
each antheridium. The flagella are of 
nearly equal length but dissimilar struc- 
ture, one being whiplash, the other pin- 
nate. The odgonium is a bulge or short 
thick branch delimited from the rest of 
the filament by a transverse wall. It is at 
first multinucleate, but before the cross 
wall is formed all but one of the nuclei 
either degenerate or migrate back into the 
body of the filament, according to the 
speeies. The sperms are released through 
a pore which develops by softening of the 
wall at one end of the antheridium. They 
reach the egg through a similar pore in 
the odgonium. The zygote formed by 
fusion of the sperm and egg develops a 
thick wall and goes into a resting state. 
After several months it germinates directly 
into a new filament, with the first division 
of the zygotic nucleus probably being 
meiotic. 


ECONOMIC IMPORTANCE 


The yellow-green algae are of little 
economic importance. Like the other al- 
gae they are an initial link in the plant-to- 


Fig. 13.4 Vaucheria. Details 
of sexual structures. (From 
W. H. Brown, The plant 
kingdom, copyright 1935 and 
1963; courtesy of Ginn & 
Company, Boston.) 


fish food chain, but they are much less 
abundant than some of the other classes. 


Chrysophyceae (Golden algae) 


HISTORY AND CHARACTERISTICS 


The Chrysophyceac, or golden algae, 
which were first clearly recognized as a co- 
herent group by Klebs in 1892, are chrys- 
ophytes with golden-brown chloroplasts 
and without a highly silicified wall. Usu- 
ally there are only one or two chloroplasts 
in a cell. These contain chlorophyll a, 
B-carotene, fucoxanthin, diatoxanthin, and 
often other xanthophylls as well. There is 
no accessory chlorophyll, and this lack may 
account for the reported relative inefh- 
ciency of photosynthesis in many members 
of the group. Food reserves are chrysolami- 
narin and/or oils, as in the Xanthophyceae. 

Most flagellated and amoeboid forms 
of golden algae have a naked protoplast, 
but some are partly enclosed by a lorica, 
and others have a cell wall composed of 
pectic materials or sometimes cellulose. 
The walls of nonmotile genera are some- 


times divided into two overlapping halves. 
The cell wall, or the otherwise naked pro- 
toplast, often bears thin siliceous scales 
which vary in shape according to the 
species. 

Flagellated forms usually have two 
flagella, one whiplash, the other pinnate. 
Some forms are uniflagellate, with only the 
pinnate flagellum. Often there are one or 
more contractile vacuoles at the base of 
the flagella. 

Motile unicellular forms reproduce by 
cell division. Nonmotile forms produce zoo- 
spores with one or two flagella of dissimilar 
structure and unequal length. Usually only 
one zoospore is borne in a cell. 

Many of the genera, both motile and 
nonmotile, produce a type of spore found 
only in the Xanthophyceae, Chrysophy- 
ceae, and Bacillariophyceae, called the 
statospore (Fig. 13.5). These arc spores 
with the wall composed of two usually 
very unequal overlapping halves. The silic- 
ified, or more often unsilicified, smaller 
half forms a plug closing a pore in the 
highly silicified larger half of the wall. 
Statospores are formed singly within vege- 
tative cells. The larger half of the wall 
forms around a differentiated central part 
of the protoplast, including the nucleus. 
The excluded peripheral cytoplasm some- 
times degenerates, or sometimes it flows 
into the developing spore through the 
pore before the plug is formed. Germina- 
tion of a statospore is preceded by separa- 
tion or dissolution of the plug. ‘The proto- 
plast may emerge directly through the 
pore—or may first divide into two or four 
ZOOSPOTEs. 

Sexual reproduction in the Chrysophy- 





Fig. 13.5  Statospores of various sorts. 
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ccae is apparently rare. It is isogamous in 
the known examples. 

Fossils which have been identified as 
belonging to this class are known from 
marine deposits of Cretaceous and later 
ages. 


CLASSIFICATION 


There are about 300 species of Chrys- 
phyceae; a large proportion of them occur 
in fresh water, but marine forms are not 
uncommon. Most of them are unicellular 
or merely colonial, but there are a few 
filamentous types as well. More than half 
the species are flagellated, and some others 
are amoeboid. The amoeboid types are 
commonly at once autotrophic and holo- 
zoic, both making and ingesting food. 
Amoeboid and flagellated Chrysophyceae 
which fail to develop chloroplasts can 
scarcely be distinguished from true pro- 
tozoa, and doubtless some of the protozoa 
are derived from this group. 

The taxonomy of the Chrysophyceae 
is not yet well understood. 

Several genera which have tradition- 
ally been referred to the Chrysophyceae 
have what at first appears to be a third 
flagellum arising between the other two. 
This structure, called a haptonema, ranges 
from very short to as long as the proper 
flagella. It apparently has microtubules as 
basie structural units, but they are not ar- 
ranged in the 9 + 2 pattern of flagella. 
The haptonema has no locomotive func- 
tion, but apparently serves for temporary 
anchorage of the cell. In those haptonema- 
bearing genera so far studied, the proper 
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flagella are both of the whiplash type, in- 
stead of one being whiplash and the other 
pinnate, as in typical Chrysophyceae. Fur- 
thermore, genera with a haptonema com- 
monly lack a cell wall and have the cell 
membrane covered with minute, non- 
siliceous scales that are not readily visible 
to the light microscope but are easily seen 
in EM preparations. More typical Chryso- 
phyceae, on the other hand, often have the 
cell membrane covered with equally small, 
silicified scales. 

The Danish algologist Tyge Christen- 
sen (1918-  __) proposed in 1962 to 
group the genera with these three special 
features into a separate class Haptophy- 
ceae, which is considered to be closely al- 
lied to the Chrysophyceae proper. It is not 
yet certain how closely correlated the spe- 
cial features of the Haptophyceae will 
prove to be in genera as yet not carefully 
studied, and the number of genera that 
might eventually be referred to the group 
is equally uncertain. 

It now begins to appear that a large 
and abundant group of marine flagellates 
known as coccolithophores will have to be 
included in the Haptophyceae, if that class 
is to be maintained, but the critical infor- 
mation is as yet available for only a very 
few species. Coccolithophores are recog- 
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nized by the presence of scattcred, calcified 
disks (coccoliths), of a size readily visible 
to the light microscope, embedded in the 
gelatinous covering of the cell. The cocco- 
liths persist after the death of the orga- 
nism, and their accumulation on the sea 
bottom has fostered the development of 
extensive chalk beds in warm regions. Not 
all chalk beds are to be attributed to coc- 
colithophores, however. 


REPRESENTATIVE GENERA 


CHROMULINA 


Chromulina (Fig. 13.6) is a fresh- 
water plankton genus with solitary, uni- 
flagellate cells of various shapes. Near the 
base of the flagellum there are one or more 
vacuoles and sometimes also an eyespot. 
A minute, vestigial second flagellum is 
closely appressed to the surface of the cell 
near the base of the pinnate flagellum. 
There are one or two broad, thin chloro- 
plasts which rarely contain  pyrenoids. 
There is neither a cell wall nor a central 
vacuole. Food reserves accumulate as chry- 
solaminarin and, to a lesser extent, oils. 
Reproduction is by longitudinal cell di- 
vision. Several species produce statospores. 


Fig. 13.6 Left, Chromulina. 
(* 1500.) Right, Chrys- 
amoeba: cp., chloroplast; 
c.v., contractile vacuole; e.s., 
eyespot; n., nucleus. (X 
1000.) 


CHRYSAMOEBA 


Chrysamoeba (Fig. 13.6) is an amoe- 
boid fresh-water plankton genus which 
sometimes has a temporary flagellated 
stage. In either case there is no cell wall. 
The cells are uninuclcate, and solitary or 
temporarily united in colonies. There are 
one or two broad thin chloroplasts that 
may or may not have pyrenoids. Chrysola- 
minarin is a food reserve. In addition to 
making food by photosynthesis, Chrys- 
amoeba ingests solid particles of food. Re- 
production is by cell division; statospores 
are also formed. 

In the amoeboid state the cells have 
numerous short, sharply pointed cytoplas- 
mic projections (pseudopodia) radiating in 
all directions. The flagellated state is 
achieved by the retraction of the pseudo- 
podia, the assumption by the protoplast of 
an ovoid shape, and the protrusion of a 
long flagellum, near the base of which a 
contractile vacuole develops. Neither cell 
division nor statospore formation occurs in 
the flagellated state. 
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DINOBRYON 


Dinobryon (Fig. 13.7) is a fresh-water 
plankton genus in which the cells are 
partly enclosed by a lorica. The lorica 1s 
shaped more or less like a hollow cone, 
closed at the pointed end, and is reported 
to contain cellulose and also to be some- 
what impregnated with silica. The proto- 
plast 1s spindle-shaped to conical or ovoid, 
bounded by a firm periplast, and is usually 
attached to the lorica only by a short cyto- 
plasmic stalk at the base. There are two 
distinctly unequal flagella, one or more 
contractile vacuoles, and usually an evident 
eyespot. Food reserves are chiefly chrysola- 
minarin. There are one or two broad thin 
chloroplasts. In addition to making food 
by photosynthesis, Dinobryon also ingests 
small particles of food. Reproduction is by 
longitudinal cell division. Often one or 
both daughter cells become attached near 
the mouth of the old, empty lorica before 
secreting a new lorica, so that branched 
colonies are formed. Some species also pro- 
duce statospores. Sexual reproduction by 


Fig. 13.7 A, Dinobryon. 
(<1000.) B-E, Hydrurus: B, 
tip of filament; C, same, en- 
larged; D, zoospore; €, 
whole plant; cp., chloro- 
plast; |., lorica; n., nucleus. 
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fusion of isogametes appears to have been 
clearly demonstrated in one species. 


HYDRURUS 


Hydrurus (Fig. 13.7) is a colonial 
genus of fast mountain streams. The cells 
are ovoid, or angular by compression, and 
are embedded in a firm, much branched, 
common gelatinous sheath, forming a 
tough, greenish-brown, penicillately 
branched coating on the rocky stream bot- 
tom. Large colonies may be as much as 3 
feet long and contain hundreds of thous- 
ands of cells. Each cell contains several 
vacuoles and a single large chloroplast with 
an evident pyrenoid. 

Colony reproduction is by zoospores and 
statospores. Zoospores are formed directly 
from young cells near the tips of the 
smaller branches. They are tetrahedral, 
with a single long flagellum on one face. 
Statospores are developed from individual 
cells in special short-branched gelatinous 
stalks borne on the branches of the colony. 


ECONOMIC IMPORTANCE 


The golden algae, like other algae, are 
an initial link in the plant-to-fish food 
chain, and some of the marine speeies, 
especially the silicoflagellates (Siphono- 
testales) are sufficiently abundant to be 
important in that regard. The abundance 
of coccolithophores in warm seas was noted 
on an earlier page. Otherwise the C'iryso- 
phyceae have very little economic signifi- 
cance. 


Bacillariophyceae (Diatoms) 


t 


HISTORY AND DEFINITION 


The Bacillariophyceae, or diatoms, are 
unicellular or loosely colonial algae with a 
silicified wall composed of two halves which 


fit together like the halves of a petri dish 
or pillbox. They further differ from all 
other Chrysophyta in that the vegetative 
cells are diploid rather than haploid. The 
only flagellated cells are the sperms of 
some genera that have a single pinnate 
flagellum. The distinctiveness of the dia- 
toms from most other algae was soon rec- 
ognized, although early students usually 
confused them with the desmids, a group 
of green algae with the cells medially con- 
stricted into two similar halves. The 
diatoms were first clearly differentiated 
from the desmids in 1833 by the German 
algologist Friedrich Kiitzing (1807-1893), 
who in 1844 publishcd a monographic 
treatment of the group. 


DISTRIBUTION 


Diatoms are common in both fresh 
and salt water, particularly in temperate or 
cool regions. In fresh-water ponds and lakes 
they tend to be more numerous in the 
spring and fall than during the hot summer 
months. They make up a large proportion 
of the vegetable plankton of the ocean. 
Many of them also occur attached to rocks 
or aquatic plants, and some are found in 
subaerial habitats. An ample supply of dis- 
solved silicates tends to favor the growth of 
diatoms, but at least some species can be 
cultured in a silicon-free medium, where 
they produce unsilicified cell walls. 


STRUCTURE 


The diatom cell has a well-developed 
central vacuole and one or more variously 
shaped chloroplasts. Sometimes the nu- 
cleus is suspended in a broad band of cyto- 
plasm that passes through the vacuole. The 
chloroplasts are typically golden-brown or 
somewhat yellowish and bear chlorophylls 
a and c, -carotene and €-carotene, fuco- 
xanthin, diatoxanthin, and diadinoxanthin. 
A few species lack chloroplasts and live as 


saprophytes. Food reserves of diatoms are 
chiefly oils, and often also chrysolaminarin. 

The cell wall is very complex and has 
received a great deal of study because of 
the taxonomic usefulness of small varia- 
tions in its structure. The outer of the two 
overlapping halves of the wall is called 
the epitheca, and the inner the hypotheca. 
Each half consists of a flat or convex plate, 
called the valve, and a lateral band, at right 
angles to the valve, called the connecting 
band, or cingulum. The connecting band 
may be compared to an open hoop having 
a small gap between the approximated 
ends. The matrix of the wall consists 
largely of pectin or a pectin-like substance, 
without cellulose. On this is deposited a 
layer of hydrated silica, chemically similar 
to opal. Often the whole cell, or colonies 
of cells, are embedded in a watery gelat- 
inous substance, which is at least some- 
times composed largely of pectic acid. 

The siliceous material of the valves is 
deposited as a continuous sheet, often 
with spiny processes or appendages, and 
with regularly arranged thin spots or per- 
forations, so that a distinct pattern is 
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Fig. 13.8 A typical pennate diatom. A, side view, 
B, top view. 
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formed. The pattern follows one of two 
general types. In the centric diatoms (Fig. 
13.11), it tends to be radially symmetrical 
from a central point. In the pennate di- 
atoms (Fig. 13.8), there is a longitudinal 
(commonly bilaterally symmetrical) pat- 
tern arranged on both sides of a central or 
offset longitudinal strip called the axial 
field. Often the axial field is traversed by a 
complex longitudinal slot, the raphe. The 
raphe is a passageway through the wall, 
often V-shaped in cross section, with the 
separated parts of the wall being aligned 
like the tongue and groove of floor boards. 
The raphe is usually interrupted at mid- 
length by a channeled thickening of the 
wall, the central nodule, and is sometimes 
also marked by a similar thickening at 
cach end. 

Pennate diatoms with a raphe are of- 
ten motile, the movement being alternately 
forward and backward in the direction of 
the long axis. The mechanism of move- 
ment is still controversial, and only the 
most widely accepted hypothesis is here 
presented. The cytoplasm extends throvgh 
the raphe and is in direct contact with 
the water along the outer fissure (the 
outer arm of the V, in cross section). ‘The 
cytoplasm flows along the outer fissure 
from one end of the raphe to the other, 
and friction with the water causes the cell 
to move in the opposite direction to the 
cytoplasmic current. There is an opposing 
eytoplasmic stream flowing along the inner 
fissure of the raphe, the two streams con- 
stituting an essentially continuous circuit. 
Tiny whirling currents set up in the water 
at the ends of the raphe by the cytoplasmic 
streaming probably also contribute to the 
motion of the cell. 
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Fig. 13.10 Mixed diatoms. (Courtesy of E. J. Kohl, Lakeside Biological Products, Ripon, 
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REPRODUCTION 


Asexual reproduction of diatoms oc- 
curs by cell division. Division is mitotic, 
and each of the two daughter cells retains 
one of the two halves of the original cell 
wall. Each cell then produces a new half 
which fits into the older half. ‘Thus, of the 
two daughter cells, one is the same size as 
the parent and the other is slightly smaller. 
Repeated cell division therefore leads to a 
gradual diminution in the average size of 
the descendants of an original cell. 

Restoration of diatom cells to the 
maximum size for the species involves a 
sexual process leading to the formation of a 
particular type of “spore” (actually a zy- 
gote) called an auxospore. Vegetative cells 
of diatoms are diploid. The first step lead- 
ing toward auxospore formation is reduc- 
tion division. Thereafter the process varies 
in detail according to the kind of diatom, 
but it commonly involves release of the 
protoplast from the cell wall, restoration 
of the diploid condition (usually by syn- 
gamy), enlargement of the naked diploid 
protoplast, and finally the formation of a 
new wall around the now mature auxo- 
spore. The auxospore wall is composed of 
two halves which are smooth or variously 
ornamented, but in any case unlike the 
walls of the vegetative eells. The germinat- 
ing auxospore usually divides mitotically 
into two vegetative cells, each of which 
produces a complete new wall composed of 
the usual two parts. 

In the pennate diatoms reduction di- 
vision commonly leads to the formation 
of only one or two usually amoeboid 
gametes, the other nuclei degenerating. 
The gametes are not released until the two 
cells come to lie side by side in a common 
gelatinous envelope. The gametes which 
fuse are often alike; sometimes, on the 
contrary, they are of different sizes, or one 
may be amoeboid while the other 1s im- 
mobile. 

In the centric diatoms syngamy is 
frequently odgamous. From 4 to 128 uni- 
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flagellate sperms are produced by some 
cells, while other cells produce each a 
single egg. ‘These sperms were called micro- 
sporcs before their function was under- 


stood. 
In both the pennate and the centric 


diatoms, typical syngamy is sometimes dis- 
pensed with, and two of the nuclei formed 
by reduction division in a single cell fuse 
to form a new diploid nucleus of the de- 
veloping auxospore. 

Many centric diatoms produce stato- 
spores apparently similar in origin and 
essentials of structure to those of the 
Chrysophyccae. The wall of the statospore 
is distinetly diffcrent in detail from that of 
the vegetative cell in which it is produced. 


CLASSIFICATION 


The diatoms, with perhaps as many 
as 10,000 living species, are probably the 
largest single class of algae. They may be 
divided into two well-taarked orders, which 
have already been referred to as the pen- 
nate and the centric diatoms. These may 
be distinguished as follows: 

Pennales: Valves with a longitudinally 
bipartite, usually bilaterally symmetrical 
pattern; chloroplasts usually only one or 
two; isogamous or anisogamous, the gam- 
etes not flagellated; vegetative cells often 
motile; no statospores; most abundant in 
fresh water, less often marine. 

Centrales: Valves with a concentric, 
usually radially symmetrical pattern; chlo- 
roplasts usually numerous; odgamous, the 
male gametes flagellated; vegetative cells 
nonmotile; often produce  statospores; 
chiefly marine. 


ECONOMIC IMPORTANCE 


PLANKTON 


It has already been notcd that di- 
atoms make up most of the vegetable 


190 INTRODUCTORY BOTANY 


plankton of the cooler parts of the ocean. 
They are, therefore, the most important 
ultimate source of food for fish and other 
marine animals in these regions. ‘Their im- 
portance in fresh-water lakes is proportion- 
ately less, inasmuch as green and blue- 
green algae are often more abundant there 
than the diatoms. 


DIATOMACEOUS EARTH 


The siliceous part of the cell wall of 
diatoms is scarcely affected by the death 
and degeneration of the rest of the cell, 
and diatom shells therefore tend to accu- 
mulate at the bottom of any lake or sea 
in which diatoms live. When other sedi- 
ments are very slight, deposits consisting 


almost wholly of diatom shells may be- 


formed. Such deposits, especially those 
which have been preserved from the geo- 
logic past, are called diatomaceous earth. 
A soupy diatomaceous ooze is now accumu- 
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lating at the bottom of Klamath Lake in 
southern Oregon, and in some other fresh- 
water lakes, but the most important de- 
posits of diatomaceous earth are of marine 
origin. Oil wells in the Santa Maria oil 
fields of California pass through a layer of 
marine diatomaceous earth about 3000 
feet thick. Near Lompoc, California, sur- 
face beds of marine diatomaceous earth 
several miles across and over 700 feet thick 
are being exploited by quarrying (Fig. 
leer 

The oldest fossil diatoms of thoroughly 
authenticated date come from the early 
part of the Cretaceous period, but most 
diatomaceous earth formations are of Late 
Cretaceous or later age. All Late Creta- 
ceous genera are still represented by living 
species, and some Late Cretaceous species 
are apparently identical with modern ones. 

The most important commercial use 
of diatomaceous earth is in filtration of 
liquids, particularly in sugar refineries. 
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Fig. 13.12 Diatomaceous earth quarry near Lompoc, California. (Photo courtesy of 


Celite Division, Johns-Manville Corporation.) 


Small quantities of powdered diatomaceous 
earth added to a sugar solution will retain 
the suspended impurities from the solu- 
tion when the mixture is forced through a 
filter. Some other uses of diatomaceous 
earth are as a fine abrasive (as in silver 
polish, and, at least in the past, in tooth- 
paste), as an additive to paint to increase 
the night visibility of signs, and as an 
insulating material, especially in blast 
furnaces and other high-temperature in- 
stallations. At temperatures of over 
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1000°F, diatomaceous earth is a more 
effective insulator than asbestos. 


SUGGESTED READING 


Smith, F. G. Walton, and Henry Chapin, 
The sun, the sea, and tomorrow, Scribner, 
New York, 1954, 210 pp. The sea as a 
potential source of food, energy, and 
minerals. Informative, without requiring a 
technical background. 
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Plants multicellular, composed of branching filaments, or more complex; 
cell wall with an inner cellulosic layer and a gelatinous outer pectic 

layer usually composed largely of algin; motile cells generally with two 
dissimilar flagella, one whiplash, one pinnate (or the whiplash flagellum 
reduced or wanting); nucleus dividing mitotically; chloroplasts with a 
high proportion of carotenoids to chlorophyll, mostly brownish, 
containing chlorophylls a and c, B-carotene, fucoxanthin, violaxanthin, 
and other xanthophylls; food reserves chiefly laminarin and mannitol, 
sometimes also fats. Three classes, the Ilsogeneratae, Heterogeneratae, 
and Cyclosporae, sometimes all grouped into a single class Phaeophyceae. 


HISTORY 


The brown algae were first recognized 
as a distinct group by W. H. Harvey, who 
in 1836 segregated them as a subclass 
Melanospermeae of a class Algae. Later 
(1881) the brown algae were raised to the 
status of a class under the name Phaeo- 
phyceae, and modern algologists generally 
consider them to constitute a division, 
Phaeophyta (Wettstein, 1901). In 1933 
the Swedish phycologist Harald Kylin de- 
fined three classes of brown algae, the 
Isogeneratae, Heterogeneratae, and Cyclo- 
sporae, on the basis of the life cycles. It 
now appears that the separation of the 
Heterogeneratae from the Isogeneratae 1s 
unjustified, but the distinctiveness of the 
Cyclosporae is widely admitted. None of 
these names conforms to standard nomen- 
clatural principles, which call for names of 
algal classes to end in -phyceae. Kylins’s 
three classes are hcre maintained for peda- 
gogical convenience until the taxonomy 
and nomenclature are clarified. 


DISTRIBUTION AND STRUCTURE 


There are about 1500 species of brown 
algae, nearly all of them marine. They are 
especially common along and near the sea- 
shore in the cooler parts of the world, both 


in the intertidal zone and wholly sub- 
merged. Some brown algae are microscopic 
and filamentous, but most of them have 
a larger, more complex thallus, ranging 
from a few inches to more than 150 feet 
long. The larger forms are usually complex 
in structure, with several different kinds of 
cells. 

The cellulose of brown algal cell walls 
differs from typical ccllulose in having 
some pentose sugars mixed in with the 
hexoses. In this respect it resembles the 
cellulose of most red algae and some green 
algae (Ulva). 

The most important component of 
the gelatinous outer pectic layer of the cell 
walls of brown algae is commonly called 
algin, but that is merely a convenient name 
to cover a varying mixture of polymers of 
several organic acids and their calcium 
salts. Mannuronic, gulonic, and glucoronic 
acids are the principal components of these 
algin polymers. Calcium salts of fucinic acid 
are frequently mixed with the algin, espe- 
cially in the larger brown algae. Fucinic 
acid is a complex polymer based largely on 
modified pentoses. A mucilaginous pentose 
polymer with some attached sulfate groups 
also occurs with the algin. It is called 
fucoidin and is supposed to be restricted to 
the brown algae. Algin, fucinic acid, and 
fucoidin may all be called pectic sub- 
stances, in the broad sense. 
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There are one to more often several or 
many variously shaped, often discoid chlor- 
oplasts in each cell. The chloroplasts bear 
chlorophylls a and c, g-carotene, and large 
amounts of fucoxanthin and violaxanthin, 
plus other xanthophylls. Fucoxanthin is 
also an important xanthophyll in the 
Chrysophyceae and Bacillariophyceae, and 
in a few of the Dinophyceae it substitutes 
for peridinin. Violaxanthin has a different 
taxonomic distribution, being common in 
the green algae and their descendants, the 
higher plants. 

The nucleus contains one or more nu- 
cleoh and divides mitotically. Typical spin- 
dles are formed, originating at the two 
centrioles. A number of clear vesicles con- 
taining a substance called fucosan are usu- 
ally aggregated around the nucleus. Fuco- 
san has many of the properties of tannin; 
it is variously thought to be a waste prod- 
uct or to have some as yet undiscovered 
metabolic function. Vegetative cells usu- 
ally contain many small vacuoles, or occa- 
sionally a large central vacuole. 

The commonest food reserve is lami- 
narin, a soluble polysaccharide composed 
of about 15 to 30 glucose residues primarily 
in 8-1,3 linkages, and with mannitol as the 
terminal unit. Mannitol (a 6-hydrogen 
alcohol which can be oxidized to yield the 
hexose sugar mannose) and minute glob- 
ules of fat are also frequently found in the 
cytoplasm as storage products. 


TISSUES 


In unicellular and colonial organisms, 
every cell is capable of carrying out all the 
functions of the organism. Some of the 
smaller multicellular organisms also have 
all the cells essentially alike, but done of 
the most basic evolutionary tendencies, 
among both plants and animals, is toward 
the differentiation and specialization of the 
cells of which an organism is composed. 
The groups of cells with similar or related 
functions which make up a complex multi- 


cellular organism are called tissues. ‘Tissues 
in which all the cells are essentially alike 
are called simple tissucs. Tissues in which 
different kinds of cells contnbute to a 
common function are called complex tis- 
sues. A tissue or group of tissues which 
makes up a morphologically (and usually 
functionally) distinct part of an organism 
is called an organ. Sometimes the term organ 
is loosely applied also to single cells which 
are sharply differentiated in structure and 
function. Many of the brown algae con- 
tain differentiated tissues, and some of 
them are composed of recognizably dis- 
tinct stem-like, root-like, and leaf-like or- 
gans. The terms stem, root and leaf are 
properly reserved for characteristic organs 
of the vascular plants, which have several 
different kinds of tissues, including special- 
ized water-conducting and food-conducting 
tissues. The term rhizoid is used for root- 
like structures of relatively simple compo- 
sition, and the terms stalk or stipe are used 
for any stem-like structure on which some 
other structure is borne, without regard to 
the anatomical composition. 

Most tissues are specialized for one 
or another function, or sometimes two or 
more functions, the cells having a charac- 
teristic form and structure according to the 
function. ‘Tissues composed of relatively 
unspecialized cells, in the brown algae and 
elsewhere, are called parenchyma. Paren- 
chyma cells are usually rather thin-walled, 
seldom much, if at all, longer than wide, 
living when functional, and typically have 
a well-developed central vacuole. The walls 
of adjacent parenchyma cells are commonly 
in close contact over a large part of their 
surface, but there are generally intercellu- 
lar spaces, just as there are spaces among 
the potatoes in a bag or among particles of 
soil. Most photosynthetic tissues are paren- 
chymatous. Often it is useful to distinguish 
more than one kind of parenchymatous 
tissue in a single plant. 

The thalli of many brown algae con- 
sist chiefly of parenchyma. Parenchyma 


cells in the brown algae differ from paren- 
chyma cells of most land plants in usually 
lacking intercellular spaces and central 
vacuoles. The intercellular spaces that 
might otherwise exist among the paren- 
chyma cells of brown algae are commonly 
filled by the gelatinous algin which makes 
up the outer layer of the cell wall. 

One of the ways in which the more 
complex kinds of plants differ from the 
more complex kinds of animals is that in 
plants, but not in animals, cell division is 
carried on chiefly or wholly by cells special- 
ized for that function. A tissue character- 
ized by cell division is called a meristem, 
or a meristematic tissue. Meristematic cells, 
like parenchyma cells, are thin-walled and 
usually not greatly elongate. They differ 
from most parenchyma cells in lacking a 
central vacuole. In brown algae mertiste- 
matic cells differ from parenchyma cells 
chiefly in function, as both types com- 
monly lack the central vacuole. 

The brown algae present all degrees 
of variation from a condition (especially in 
some of the genera with uniseriate, branch- 
ing filaments) in which any cell may di- 
vide, to a condition in which cell division 
is largely restricted to meristematic tissues 
or solitary apical meristematic cells. ‘The 
meristematic tissues may be apical, lateral 
(forming a layer around the outside of the 
thallus), or intercalary (inserted between 
nonmeristematic tissues). Often the 
branches, regardless of how many cells 
thick the basal part may be, terminate in 
a uniseriate filamentous tip in which any 
cell (but especially the basal cells) may 
divide, Growth by means of such apical 
filaments or tips of filaments is said to be 
trichothallic. 


LIFE CYCLE 
The sexual cycle in two of the three 


classes of brown algae (the Isogeneratae 
and Heterogeneratae) includes a distinct 
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alternation of sporophytic (diploid) and 
gametophytic (haploid) generations, both 
generations being multicellular and physio- 
logically independent. The sporophyte gen- 
eration is initiated by fusion of gametes, 
and the ‘gametophyte generation is initi- 
ated by reduction division leading to the 
formation of sporcs. 

The sexual sporangium (1.e., the meio- 
sporangium, in which reduction division 
occurs) is produced on the sporophyte and 
begins its development as an ordinary uni- 
nucleate vegetative cell with 2n chromo- 
somes. The cell enlarges and its nucleus 
undergoes meiosis, producing four nuclei 
each with n chromosomes. Usually these 
nuclei then undergo one or more further 
mitotic divisions, so that the developing 
sporangium contains from 4 to 128 haploid 
nuclei. This multinucleate protoplast then 
generally cleaves into uninucleate naked 
protoplasts without cell walls. Each such 
uninucleate protoplast within the sporan- 
gium usually develops into a biflagellate 
zoospore. The flagella are lateral in post- 
tion and dissimilar, one being pinnate, the 
other whiplash. In some genera the spores 
do not develop flagella and are therefore 
called aplanospores. The spores are liber- 
ated into the water by rupture of the 
sporangial wall. Each of these sexual spores 
(either zoospores or aplanospores) devel- 
ops into a mature gametophyte by a series 
of mitotic divisions. 

The gametangia borne on the gameto- 
phyte are unicellular and often clustered 
into groups of definite external form, but 
neither the individual gametangia nor the 
clusters are surrounded by specialized ster- 
ile cells. Isogamous and anisogamous brown 
algae regularly have the gametangia in 
definite clusters, and in the anisogamous 
forms the two types of clusters are morpho- 
logically different. Odgamous brown algae 
always have solitary, unicellular odgonia, 
whereas the antheridia may be solitary or 
clustered according to the taxonomic 


group. 
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The entire protoplast of any gametan- 
gium (except in the Cyclosporae) becomes 
transformed into a single gamete. Iso- 
gametes, anisogametes, and sperms arè 
ordinarily biflagellate, just as the zoo- 
spores. Eggs lack flagella and are non- 
motile. In some odgamous orders the eggs 
are released into the water; in others the 
eggs are merely extruded from the oégonia, 
to which they remain attached. Isogametes 
which fail to fuse sometimes develop into 
new gametophytes, as may also unfertil- 
ized eggs and the larger of the two types 
of anisogametes. The development of un- 
fertilized gametes into mature individuals 
is a phenomenon found in many different 
kinds of plants and animals and is called 
parthenogenesis. 

Sporophytes of many brown algae pro- 
duce clusters of asexual sporangia which 
resemble the gametangial clusters of gamet- 
ophytes. Each sporangium in such a clus- 
ter produces a single biflagellate zoospore 
which differs from sperms or isogametes in 
having 2n chromosomes and in developing 
directly into a new sporophyte without a 
sexual process. Thus the sporophyte gen- 
eration may be reproduced repeatedly, gen- 
eration after generation, by means of these 
asexual or neutral zoospores. The clusters 
of asexual sporangia form such distinctive 
structures, differentiated from the vege- 
tative body of the sporophyte, that it has 
Deen customary to call the whole cluster a 
sporangium, and before the life cycles 
were understood it was customary to refer 
to both the sporangial clusters and the 
superficially similar gametangial clusters as 
plurilocular sporangia. 

The Cyclosporae differ from all other 
brown algae in that the gametophyte gen- 
eration is nearly eliminated from the sexual 
cycle. The thallus is diploid with one-celled 
gametangia in which the primary nucleus 
undergoes reduction division. 

The Cyclosporae are all o6gamous. In 
the odgonium each of the 4 nuclei pro- 
duced in meiosis divides mitotically, but 


some of the resulting nuclei often degen- 
erate, so that 1, 2, 4, or 8 eggs may be 
borne in the odgonium. Each of the 4 nu- 
clei resulting from reduction division 
within an antheridium usually undergoes 
several mitotic divisions, so that a con- 
siderable number (typically 64) of sperms 
are borne in an antheridium. Fertilization 
takes place free in the water after both 
types of gametes have been liberated from 
the gametangia. 

It has been pointed out that the game- 
tangia of the Cyclosporae are comparable 
to the unicellular sporangia of the other 
brown algae, and that, by comparison with 
other brown algae, the gametes of the Cy- 
closporae might be considered to be spores 
which function directly as gametes instead 
of developing into typical gametophytes. 
Thus the gametophyte (or n chromosome) 
generation in the Cyclosporae consists only 
of the gametes themselves and their im- 
mediate precursors within the gametangia. 
This condition is essentially the opposite of 
that seen in many green algae, in which 
the gametophyte makes up most of the 
life cycle, and the zygote is the only 2n 
or sporophyte stage in the life cycle. 


ECONOMIC IMPORTANCE 


In the past brown algae have some- 
times been used directly as fertilizer and 
have been burned for the potassium and 
iodine which can be recovered from the 
ash. These uses have been largely discon- 
tinued because economic changes have 
made them unprofitable. 

The larger species of brown algae, 
particularly the kelps, are harvested as a 
major source of food by the Japanese and 
as a source of the colloidal gel algin in 
Europe and America. Algin is used as a 
stabilizer or as a moisture retainer in a 
wide variety of commercial products, in- 
cluding ice cream, cake frosting, paint, and 
various pharmaceuticals; it is also used in 


the processing of natural and synthetic 
rubber latex. 

Although the brown algae contribute 
directly or indirectly to the food supply of 
fish and other marine animals, they are 
not nearly so important in this regard as 
some of the plankton algae, such as di- 
atoms and dinoflagellates. 


RELATIONSHIPS 


The brown algae form a well-marked 
division in the group of divisions charac- 
terized by the preponderance of carotenoid 
over chlorophyll pigments, the frequent 
presence of chlorophyll c, and the presence 
of a tinsel flagellum. The other divisions of 
this group are the Chrysophyta, Pyrro- 
phyta, and Cryptophyta. Fucoxanthin 1s 
the principal xanthophyll in the Phaeo- 
phyta, two classes of Chrysophyta, and a 
few members of the Pyrrophyta. The asso- 
ciation of a pinnate and a whiplash flagel- 
lum links the Phaeophyta to the Chryso- 
phyta, but not to the other groups. Lami- 
narin, the characteristic carbohydrate stor- 
age product of the Phaeophyta, is chemi- 
cally allied to the chrysolaminarin of the 
Chrysophyta. The Chrysophyta, Crypto- 
phyta, and Pyrrophyta each have special 
features which set them off from the 
Phaeophyta and from each other. (A syn- 
drome of features relating to the absence 
of histone proteins from the nuclei of the 
Pyrrophyta; the presence of phycobilins as 
important pigments in the Cryptophyta; 
and a tendency toward silicified cell walls 
of pillbox construction in the Chryso- 
phyta. } 

In sum, the Phaeophyta seem to be 
most nearly allied to the Chrysophyta. ‘The 
Phaeophyta must surely have arisen from 
unicellular flagellates in the distant past. 
A unicellular flagellate with other features 
of the brown algae would be more like the 
Chrysophyta than like any other group, 
but it would not fit well into any of the 
existing classes. The ancestors of the two 
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divisions evidently diverged at the unicel- 
lular flagellate stage. 

The three classes of brown algae seem 
to form a simple evolutionary series. ‘The 
Isogeneratae, with similar. gametophytes 
that are usually small and filamentous, are 
clearly the basal group in the division. The 
Heterogeneratae are apparently derived 
from the more primitive members of the 
Isogeneratae by claboration of the sporo- 
phyte without significant change in the 
gametophyte; and the Cyclosporae seem 
to be derived from the Heterogeneratae by 
reduction of the gametophyte. 

The Cyclosporae form a well-defined 
and clearly natural group. The differcntia- 
tion of the Heterogeneratae from the Iso- 
generatae is a more complex problem. The 
prevailing opinion among modern students 
of brown algae is that the Heterogeneratae 
consist of two or more parallel groups inde- 
pendently derived from the Isogeneratae, 
and that the present classification, therefore, 
cuts across the evolutionary relationships 
rather than following them. One possible 
taxonomic approach would be to retain the 
Cyclosporae as a distinct class, but to lump 
the Heterogeneratae and Isogeneratae into 
a single class. An appropriate nomencla- 
ture for such an arrangement does not 
seem to have been proposed. Another solu- 
tion would be to recognize only a single 
class of brown algae, the Phaeophyceae. 
There is no absolute right and wrong in 
such matters, and taxonomists may legiti- 
mately differ as to how our concepts of 
similarities, diversity, and evolutionary re- 
lationships might best be expressed in a 
formal system of classification. 


The fossil record is hardly useful in 
determining relationships of the brown 
algae. Fossils more or less resembling Fucus 
and other Phaeophyta occur in rocks of 
various ages back to the early Paleozoic, 
but these cannot be certainly placed in any 
of the classes now recognized, and they 
provide no hint of the ancestry of the 


group. 
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Isogeneratae 


CLASSIFICATION 


The Isogeneratae are brown algae that 
have an isomorphic alternation of genera- 
tions, the gametophyte and sporophyte be- 
ing essentially similar in size and appear- 
ance. ‘There are five orders, differing in the 
structure and mode of growth of the thal- 
lus and in details of the reproductive cycle. 


ECTOCARPUS 


Ectocarpus (Fig. 14.1) is a cosmo- 
politan genus of many species, commonly 
found growing epiphytically on larger 
brown algae along the seashore. The 
thallus is a sparingly to profusely branched 
filament, usually one cell thick, with a 
prostrate, attached basal part (or a mere 
holdfast) and an erect free part. Any cell 
may divide. The sporophyte bears two 
kinds of sporangia on short lateral 
branches, but often not both at the same 
time. The asexual sporangia are relatively 
small and occur in dense clusters of several 
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GAMETOPHYTE 


hundred, each such cluster forming what 
is usually called a plurilocular sporangium. 
The protoplast of each sporangium of the 
cluster becomes a single biflagellate neu- 
tral (i.e., asexual) zoospore which has 2n 
chromosomes like the parent filament and 
which develops directly into a new sporo- 
phytic filament by a series of mitotic di- 
visions. 

The sexual sporangia are relatively 
large and commonly occur singly at the 
ends of short lateral branches. Usually 32 
or 64 biflagellated zoospores with the re- 
duced number of chromosomes are pro- 
duced in a sexual sporangium. Each such 
sexual zoospore develops into a gameto- 
phytic filament by a series of mitotic di- 
visions. 

The gametangia occur at the ends of 
short lateral branches in clusters which 
closely resemble the clusters of asexual 
sporangia. A single biflagellate gamete is 
produced in each unicellular gametangium 
of the cluster. Fusion of two similar gam- 
etes produces a zygote with 2n chromo- 
somes, from which a new sporophytic fila- 
ment is developed by a series of mitotic 





Fig. 14.1 Ectocarpus. Life cycle; 
sporophyte and gametophyte 
(X1/3); cl.g., cluster of game- 
tangia (X200); cl.sp., cluster of 
neutral sporangia (X200); f.ga., 
fusion of gametes; ga., gametes; 
n.zsp., neutral zoospore; s.sp., 
sexual sporangium; s.zsp., sexual 
zoospore; Z., zygote. 





Fig. 14.2 Ectocarpus. Top, with sexual sporangia, 
one of which has already discharged its spores. 
(<600.) Bottom, with a cluster of gametangia. 
(<250.) (From Harold Bold, Morphology of plants, 
Harper & Row, 1957.) 


divisions. Gametes which fail to fuse some- 
times act as spores and develop partheno- 
genetically into normal gametophytes. 


DICTYOTA 


Dictyota (Fig. 14.3) is widely dis- 
tributed in the warmer parts of the world. 
The thallus is repeatedly and dichoto- 
mously branched, sometimes as much as a 
foot long, with flattened, ribbon-shaped 
branches that often all lie in the same 
plane. It is attached to the substrate by a 
discoid or more elongate holdfast. Growth 
is restricted to the tips of the branches, 
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each of which has an apical meristematic 
cell. The cells produced from the apical 
cell usually undergo several more divisions 
before maturing into vegetative cells, but 
only the apical cell remains permanently 
meristematic, 

The sexual sporangia are loosely ag- 
gregated on the surface of the thallus but 
retain their individual identity. Four naked, 
nonflagellated spores (therefore aplano- 
spores) with the reduced number of 
chromosomes are produced in each spor- 
angium. Two of these develop into male 
gametophytes, and two into female gameto- 
phytes. Asexual spores are not produced. 
The gametophytes are morphologically sim- 
ilar to each other and to the sporophytes. 
The individual unicellular antheridia (male 
gametangia) are borne in definite clusters 
of several hundred cells, and it has been 
customary to call each such cluster an 
antheridium. These compound antheridia 
are loosely grouped at the surface of the 
thallus and surrounded by a cup-like, open 
outgrowth from the thallus, called an in- 
volucre. Each cell of the compound anthe- 
ridium produces a single sperm. The 
odgonia are loosely clustered but retain 
their individual identity; each cluster of 
unicellular odgonia is surrounded by a 
poorly developed involucre. The proto- 
plast of each odgonium is rgleased into the 
water as a single large egg. Fertilization 
occurs in the water. The zygote develops 
by a series of mitotic divisions into a ma- 
ture sporophyte. Unfertilized eggs some- 
times develop parthenogenetically into fe- 
male gametophytes. 


Heterogeneratae 


The Heterogeneratae are brown algae 
with a heteromorphic alternation of gen- 
erations. The gametophyte is always a 
microscopic branching filament, often re- 
sembling Ectocarpus, whereas the sporo- 
phyte is larger, usually of macroscopic size, 
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DICTYOTA 


and often structurally complex. The kelps, 
constituting the order Laminariales, are 
the largest and anatomically most complex 
of all algae. Five orders of Heterogeneratae 
may be recognized on the basis of structure 
of the thallus and details of the reproduc- 
tive cycle. 


REPRESENTATIVE GENERA 


DIcTYOSIPHON 


Dictyosiphon (Fig. 14.3) occurs in the 
eooler regions along the seacoast, includ- 
ing both coasts of North America. The 
mature sporophyte is commonly several 
inches long, with a slender cylindrical cen- 
tral axis and a number of lateral branches 
which are again branched and rebranched 
in similar fashion. Each branch tip has a 
meristematic apical cell which sometimes 
gives rise to a terminal hair just before 
cessation of growth. Mature branches are 
solid or hollow, several cells thick, with 
colorless, elongate interior cells and nearly 
isodiametric outer cells that contain chlor- 
oplasts. 

The sporangia are embedded just be- 
neath the surface of the thallus; they are 
unicellular and much larger than the ad- 
joming vegetative cells. The primary nu- 
cleus of the sporangium undergoes meiosis, 
and the resulting biflagellate zoospores 





DICTYOSIPHON 


Fig. 14.3 Dictyota. (X1/2.) Dic- 
tyosiphon. (X1/2.) 


have the reduced number of chromosomes. 
The zoospores develop into Ectocarpus- 
like filamentous gametophytes, with the 
gametangia arranged in linear series of 2 
to 12 terminating short, lateral branches. 
Each gametangium produces a single bi- 
flagellate gamete. The gametes are released 
into the water, and zygotes are formed by 
the fusion of morphologically similar gam- 
etes. The germinating zygote first develops 
a uniseriate filament, from which a branch 
with the more typical structure of the ma- 
ture sporophyte is later produced. Unfer- 
tilized gametes sometimes germinate par- 
thenogenetically and develop into new 
gametophytes. 


LAMINARIA 


Members of the order Laminariales 
are called kelps. Laminaria (Fig. 14.4), the 
type genus, occurs on both coasts of North 
America as well as elsewhere in the world, 
often in the intertidal zone. The mature 
sporophyte is commonly at least a foot 
long, often much longer, and is divided 
into three distinct parts, the holdfast, stipe, 
and blade. Fhe holdfast, which anchors 
the plant to the substrate, is a solid disk, 
or more often a system of forking, root-like 
branches. The stipe, superficially similar 
to the stem of land plants, is erect, un- 
branched, and cylindrical to somewhat 
flattened. It is terminated by a single blade 


Fig. 14.4 Laminaria hyperborea, in a marine inlet 
near Fort William, Scotland. (Photo by Claude 
Weber.) 


which may or may not be vertically cleft 
into several segments. Growth is due 
largely to an intercalary meristem at the 
junction of the stipe and blade. Both the 
blade and stipe increase continuously in 
length, but a mature blade commonly 
wears away at the tip as fast as new cells 
are formed at the base. The blade com- 
monly stops growth in late summer and 
disintegrates in the fall. The new blade 
which replaces it often begins to develop 
before the old one is wholly disintegrated. 

A eross section of a mature stipe 
shows three concentric regions which do 
not usually have sharp boundaries. ‘The 
central portion, called the medulla, con- 
sists of slightly separated vertical filaments, 
among which are interwoven transverse 
and diagonally ascending connecting fila- 





DIVISION PHAEOPHYTA: BROWN ALGAE 201 


ments, which arise as lateral branches 
from some of the vertical filaments. Some 
of the vertical filaments have numerous 
cross walls. Others are composed of elon- 
gate cells with expanded ends. These elon- 
gate cells evidently serve in the vertical 
conduction of food. In some related, larger 
genera, such as Macrocystis (Fig. 14.5), 
the giant kelp, which sometimes reaches a 
length of 150 fect, the end walls of adja- 
cent cells in such filaments are perforated 
so as to resemble the sieve plates of food- 
conducting tissues in land plants. 

Surrounding the medulla is a cortex 
consisting of radially arranged, vertically 
elongate cells, the outer members of which 
continue to divide throughout the life of the 
plant. In many species there is a network of 
mucilage ducts in the cortex. ‘The mucilage 
is produced by groups of secretory cells at 
the surface of the duct. The outermost 
layer of the stipe forms a compact epider- 
mis generally two cells thick, composed of 
small cubical cells with numerous chloro- 
plasts. ~e 

The blade’ is anatomically rather sim- 
ilar to the stipe. The cells of the cortex are 
mostly isodiametric, rather than elongate, 
and decrease progressively in size toward 
the usually single layer of epidermal cells. 
Both the epidermis and the outer cortical 
cells usually contain chloroplasts. 

The only reproductive organs pro- 
duced by the sporophyte are numerous, 
more or less club-shaped, single-celled spo- 
rangia borne on both surfaces of the blade 
and intermingled with more slender sterile 
hairs. The nucleus of the sporangium di- 
vides meiotically, and the 4 resulting cells 
divide again three or four times to pro- 
duce 32 or 64 biflagellate zoospores, each 
with the reduced (haploid) number of 
chromosomes. Each zoospore develops into 
a microscopic filamentous gametophyte, 
the female gametophytes being less 
branched and having longer cells than the 
male. 
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Fig. 14.5 
Pacific coast of North America. (X1/5.) (New York Botanical Garden photo.) Right, Root- 
like holdfast of a kelp. (Photo by W. H. Hodge.) 


Half the zoospores from any one 
sporangium produce male gametophytes; 
the other half produce female. One-celled 
antheridia are borne singly on short lateral 
branches of the male gametophyte. The 
protoplast of each antheridium develops 
into a single sperm with two dissimilar 
lateral flagella. Any cell of the female 
gametophyte may become an odgonium 
bearing a single egg. The egg is extruded 
through a porc at the apex of the odgonial 
wall but remains attached. Odgonia formed 
from intercalary (as opposed to apical) 
cells of a filament develop a lateral pro- 
tuberance through which the egg is ex- 
truded. The sperm swims to the egg, and 
the zygote resulting from gametic union 
develops by a series of mitotic divisions 
into a mature sporophyte. 


Cyclosporae 


The Cyclosporae are brown algae in 
which the spores produced in the unilocu- 
lar sporangia function directly as gametes. 


Left, Macrocystis pyrifera, fragment of plant. This kelp is common along the 
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The thallus is diploid, the only haploid 
cells in the life cycle being the spores (or 
gametes) and their immediate precursors 
after meiosis within the sporangia (or 
gametangia ). The gametophyte generation 
has becn so reduced that there is no free- 
living, multicellular gametophyte. The 
spores (or gametes) are of two types, 
gametic union being odgamous. Sporangia 
(or gametangia) are born in special cavi- 
ties called conceptacles; these may be scat- 
tered over the surface of the thallus, but 
more often they are borne only on the in- 
flated tips (called receptacles) of the 
branches. ‘There is only one order, the 
Fucales, which has about 40 genera and 
350 species. 


REPRESENTATIVE GENERA 


Fucus 


Fucus (Figs. 14.6, 14.7) is a common 
alga of the intertidal zone along rocky 
shores in the Northern Hemisphere, less 
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Fig. 14.6 Fucus. (X2/3.) 
(Photo by W. H. Hodge.) 
Fig. 14.7 Fucus. Life cycle 


ture plant (X1/3) 
(X40); e., egg; s., sperm. 
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commonly occurring in coastal salt 
marshes. The thallus commonly has a dis- 
coid basal holdfast, from which arises a 
buoyant, dichotomously branched axis 
several inches or a foot or more long. The 
branches are flattened and ribbon-like, 
with a more or less evident midrib. The 
structure of the branches is rather similar 
to that of Laminaria, with a central me- 
dulla of elongate, laterally more or less 
separated cells interwoven with connecting 
filaments, this surrounded by a paren- 
chymatous cortex, and the whole enclosed 
by a single layer of epidermis. ‘The epider- 
mis is more or less permanently meriste- 
matic and is sometimes called a meristo- 
derm. Growth in length is due to an apical 
meristematic cell on each branch. The 
central cells of the medulla are fairly 
closely compacted, with numerous con- 
necting filaments, so as to form a midrib. 
Some species, such as the common Fucus 
vesiculosus, have bladder-like, air-filled cav- 
itics scattered along the branches. 

The tips of the mature branches are 
inflated and marked by numerous globose 
cavities, called conceptacles (Fig. 14.8), 
which have a small external opening (the 
ostiole) and are lined with specialized cells 
forming a fertile laycr. The inflated branch 
tip is called a receptacle, although this 
term is used in a quite different sense in 
the flowering plants. Slender filaments, 
called paraphyses, arc produced from many 
cells of the fertile layer. ‘The tips of some 
of the paraphyses extend out through the 
ostiolc of the conceptacle. Unicellular an- 
theridia are borne either on short branches 
of the paraphyses or on short single-celled 
stalks arising directly from the fertile layer. 
The primary nucleus of the antheridium 
undergoes a reduction division, followed by 
a series of usually 4 mitotic divisions, so 
that typically 64 sperms are produced. ‘The 
sperms, as in all brown algae, are laterally 
biflagellate, the anterior flagellum being 
pinnate. 

According to the species, o6gonia may 


be borne in the same conceptacles as the 
antheridia, in different conceptacles on 
the same plant, or on different plants. An 
odgonium ariscs from the fertile layer of 
the conceptacle on a short stalk cell. The 
primary nucleus of the odgonium under- 
goes meiotic division, and the four result- 
ing nuclei each divide mitotically, so that 
eight eggs are borne in the mature odgo- 
nium. 

The oögonial wall consists of three 
layers. Swelling of the innermost layer 
breaks open the outermost layer, and the 
cluster of eggs, still contained in the inner 
and middle layers, passes out through the 
ostiole, probably being forced out by ex- 
pansion of gelatinous material in the con- 
ceptacle. Continued swelling of the inner 
layer bursts the middle layer, and the eggs 
eventually float off through the now watery 
inner layer. 

The antheridial wall has two layers. 
The inner layer swells, rupturing the outer 
layer, and the included mass of sperms is 
extruded through the ostiole into the wa- 
ter, after which the sperms are released by 
the progressive softening of the inner 
layer. Fertilization takes place free in the 
water. The zygote soon germinates and 
develops into a mature sporophyte by a 
series of mitotic divisions. 


SARGASSUM 


Sargassum (Fig. 14.9) is a chiefly 
tropical and subtropical genus, occurring 
both attached alongshore and free-floating 
in the open ocean. The Sargasso Sea, a 
large area in the Atlantic Ocean between 
the West Indies and Africa that is rela- 
tively little affected by ocean currents, gets 
its name from the abundance and conspic- 
uousness of plants of this genus. ‘The sporo- 
phyte is larger and more complex than 
that of Fucus, commonly several feet long, 
and is divided into stem-like and leaf-like 
portions, with specialized fruiting branches. 
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Fig. 14.9 Sargassum platycarpum, left and right. 
(New York Botanical Garden photo.) 


The sexual cycle is much like that of Fu- 
cus, except that all but one of the eight 
nuclei in the odgonium degenerate, leaving 
a single large egg. The free-floating species 
of Sargassum reproduce asexually by the 


detachment of fragments which float away 
and develop into new plants, never pro- 
ducing sexual structures. 


SUGGESTED READING 


Boney, A. D., A biology of marine algae, 
Hutchinson, London, 1966. Strong on 
brown and red algae. 

Chapman, V. J., Seaweeds and their uses, 
Methuen, London, 1950. A factual rather 
than a popular treatment. 

Duddington, C. L., Seaweeds and other algae, 
Faber & Faber, London, 1966; republished 
as Flora of the sea, Crowell, New York, 
1967. 

Guberlet, M. L., Seaweeds of the ebb tide, 
University of Washington Press, Seattle, 
1956. A semipopular treatment, with many 
black-and-white illustrations. 

Smith, G. M., Marine algae of the Monterey 
Peninsula, 2nd ed., Stanford University 
Press, Stanford, Calif., 1969. A taxonomic 
treatment, useful over a much wider area 
than the title suggests. Many black-and- 
white illustrations. 

Taylor, William Randolph, Marine algae of 
the northeastern coast of North America, 
2nd ed., University of Michigan Press, 
Ann Arbor, 1957. A taxonomic treatment, 
with many illustrations. 


15 


DIVISION 


RHODOPHYTA 
Red Algae 











Dasya pedicellata, a common red alga from the northeast coast of the United States. 
(Photo by W. H. Hodge.) 
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Plants multicellular or rarely unicellular, the thallus often branched and 
externally complex, but without much differentiation of tissues; 
commonly sexual, with male and female gametes, but without flagellated 
cells of any sort; cell wall with cellulose and pectic compounds; nucleus 
dividing mitotically; chloroplasts with chlorophyll a and usually 
chlorophyll d (unique to this division), «- and B-carotene, lutein, 
phycoerythrin, and sometimes phycocyanin; food reserves usually stored 
as cytoplasmic granules of floridean starch, the complex soluble sugar 
floridoside sometimes also being produced. Two classes, the 


Bangiophyceae and Florideophyceae. 


HISTORY 


The red algae were first clearly recog- 
nized as a distinct group by W. H. Harvey, 
who in 1836 segregated them as a subclass 
Rhodospermeae of a class Algae. Later (in 
1855) the red algae were raised to the 
status of a class, under the name Rhodo- 
phyceae, and modern algologists generally 
consider them to constitute a division, 
Rhodophyta (Wettstein in 1901). The 
most important early contributions to our 
knowledge of the structure and classifica- 
tion of the red algae were made by C. J. 
Friedrich Schmitz in two papers published 
in 1883 and 1889. Recognition of the two 
major groups of red algae (here called the 
Bangiophyceae and Florideophyceae) dates 
from his work. The present-day arrange- 
ment of the orders of Florideophyceae is 
based on Schmitz’ work, as modified and 
developed especially by Kylin and his stu- 
dents in a series of papers published from 
1923 to 1932: 


DISTRIBUTION 

There are about 3500 species of red 
algae, the vast majority of them marine; 
only about 200 species occur in fresh water. 
Red algae occur in all oceans but are com- 
monest in tropical and warm-temperate 
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regions, especially in the Southern Hemi- 
sphere. The marine species are almost al- 
ways attached rather than free-floating; 
typically they are attached to rocks or 
other inorganic substrate, but frequently 
they are epiphytic on other algae, or para- 
sitic on other red algae. Some species oc- 
cur in the intertidal zone; many others are 
wholly submerged, at depths of up to 





Fig. 15.1 Harald Kylin (1879-1949), Swedish 
phycologist, outstanding recent student of the red 
algae. (Courtesy of the Botaniska Laboratoriet, 
Lunds Universitet, Sweden.) 


200 meters. Red algae occur at greater 
depths than any other photosynthetic or- 
ganisms. 


STRUCTURE 


The red algae are nearly all multicellu- 
lar, forming well-developed, often com- 
plexly branched thalli which are typically 
composed of compaeted or distinct fila- 
ments, without much differentiation of tis- 
Sues. 

The cell wall consists of a firm inner 
layer and a gelatinous or mucilaginous 
outer layer, both composed largely of car- 
bohydrate (or modified carbohydrate) poly- 
mers. The inner layer commonly but not 
always contains some cellulose as well as 
miscellaneous other polymers, generally 
with some carbohydrate molecules othcr 
than glucose incorporated into the cellu- 
lose. The cellulose fibrils, like thosc of the 
blue-green algae, generally lack any regular 
orientation. The polymers of the soft outer 
layer can be considered to be pectic com- 
pounds, in the broad sense. ‘They are com- 
monly based in considerable part on sul- 
fated galactose. Galactose is a hexose, not 
very different from glucose in structure. 
Agar and carageenin are such galactosul- 
fate polymers that are abundant wall- 
components of many red algae. 

Plasmodesmata in the ordinary sense 
are lacking from red algae. In the Florideo- 
phyceae and some few of the Bangiophy- 
ceae the cross wall formed between two 
sister cells in mitosis is imperfect, with a 
large central pore. It was at one time 
thought that the cytoplasm was continu- 
ous through these pit-connections, but 
EM studies indicate that the pit is typi- 
cally (always?) closed off by a thin mem- 
brane or a plug. In addition to these pri- 
mary pits between sister cells, similar 
secondary pits often develop by dissolution 
of the wall (or the major part of the wall) 
between adjacent cells that were derived 
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from different mitotic divisions. The pit- 
connections have been thought to function 
in the transfer of food and other sub- 
stances from one cell to another, but their 
possible function must be considerably re- 
stricted by the fact that the cytoplasm is 
not (in those genera so far carefully ex- 
amined) actually continuous from one cell 
to another. 

Some species of red algae have uninu- 
cleate cells, whereas others are multinu- 
cleate. The nucleus, although usually small 
and inconspicuous, has a well developed 
nucleolus and nuclear membrane. ‘There 
has been some question as to whether the 
nucleus of red algae is fully comparable in 
all respects to that of other eukaryotes, but 
the level of magnification attainable with 
light microscopes does not disclose any sig- 
nificant difference. Nuclear division is 
mitotic. 

There are no flagella, or any motile 
cells of any sort, among red algac. Neither 
is there a centriole, so far as present studies 
show. We have notcd that the centriole 1s 
homologous with the basal body of the 
flagellum, so the absence of centrioles from 
the red algae should not be too surprising. 
The obvious inference is that the red algae, 
unlike the other eukaryotic algae, do not 
have a flagellated ancestry, but not all 
algologists are so convinced, and indeed 
there are formidable difficulties with any 
of the alternative hypotheses about the 
ancestry of the group. 


There are one to many chloroplasts in 
a cell. Solitary chloroplasts often have a 
central colorless proteinaceous body which 
is considered to be a pyrenoid, but in the 
red algae the pyrenoid does not generally 
serve as a center for starch accumulation. 
The chloroplasts of those species that have 
been investigated contain chlorophyll a 
and usually d, a- and g-carotene, lutein and 
sometimes other xanthophylls, phycoery- 
thrin, and often phycocyanin. Chlorophyll 
a is the principal chlorophyll, 8-carotenc is 
the principal carotcne, and lutein is the 
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principal xanthophyll, Chlorophyll d is 
unique to the red algae. The chloroplasts 
often contain only a small amount of chlo- 
rophyll as compared to the amount of 
phycobilin pigments. 

As noted in the discussion of the blue- 
green algae, there are some not wholly con- 
sistent differences between the phycobilins 
of the different classes of algae which con- 
tain these pigments. The differences are 
apparently in the protein fraction, rather 
than in the tetrapyrrolic prosthetic group. 
Typical phycobilins of the Florideophyceae 
are often designated by the prefix r, to dis- 
tinguish them from the b (for Bangiophy- 
ceae) and c (for Cyanophyceae) phyco- 
bilins. l 

The phycobilin pigments, like the 
carotenoids, absorb light energy and trans- 
mit some of it into the photosynthetic pro- 
cess. Phycoerythrin absorbs reasonably well 
throughout the green part of the spectrum, 
with its absorption peak near the boundary 
of green and yellow. Only green light pene- 
trates very far through water, the other 
wavelengths being practically all screened 
out within the depth of a few meters. Red 
algae which grow in the lower part of the 
intertidal zone or wholly submerged in the 
ocean commonly have abundant phyco- 
erythrin and little or no phycocyanin, but 


those from the upper intertidal zone and 
from fresh water commonly have a consid- 
erable amount of phycocyanin in addition 
to the phycoerythrin and thus do not have 
the characteristic red color of the dcep- 
water species. 

The carbohydrate reserves of red algae 
usually accumulate as small cytoplasmic 
granules of floridean starch, a branching 
polyglucan very much like the amylopectin 
fraction of the starch of higher plants. 
Red algae of both classes also accumulate 
greater or lesser amounts of floridoside, 
which is unique to this division. A mole- 
cule of floridoside consist of one molecule 
of galactose combined with one molecule 
of glycerol. Galactose is thus seen to be a 


major product of the red algae, appearing 
in food reserves as well as in the cell wall. 
Galactose also occurs in several other 
groups of plants, but seldom as such a 
major product. 


LIFE CYCLE 


The structures associated with sexual 
reproduction in the red algae are so differ- 
ent from those of other algae that a spe- 
cial terminology has been developed to 
describe them. The male gametes are non- 
motile and are called spermatia (sing., 
spermatium). The cell in which a sper- 
matium is produced is called either an 
antheridium, as in other algae, or more 
often a spermatangium. Each spermatan- 
gium produces a single spermatium. The 
liberated spermatium has a delicate wall 
or membrane. The female gametangium, 
comparable to the odgonium of other al- 
gae, 1s called a carpogonium. Usually one 
end of the carpogonium 1s prolonged into 
a slender, filamentous appendage called a 
trichogyne. Typically the carpogonium has 
only one nucleus, which lies in the basal 
region, but sometimes there is a nucleus in 
the trichogyne as well. The spermatia are 
liberated into the water from the sperma- 
tangia and are carried passively about. 
The trichogyne is the receptive part of the 
carpogonium. A spermatium which lodges 
against a trichogyne fuses with it, and the 
male nucleus moves down through the 
cytoplasm of the trichogyne to the female 
nucleus at the carpogonial base, where the 
actual nuclear fusion takes place. Often 
the carpogonium is associated with some 
specialized cells to form a recognizable 
unit called the procarp. 

The stcps following fertilization vary 
in diffetent groups of red algae. In the 
more primitive of the two classes, the 
Bangiophyceae, the first division of the 
zygotic nucleus is probably meiotic, and 
the zygote gives rise directly to 4 or more 
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Fig. 15.2 Some common red algae. Top, Phycodrys rubens, from the Atlantic coast of 
North America and Europe; bottom left, Microcladia coulteri, from the Pacific coast of the 
United States; bottom right, Polysiphonia harveyi, from the northeast coast of the United 
States. (All X about 1/2.) (New York Botanical Garden photos.) 


(up to 64) nonmotile spores called carpo- 
spores. Each carpospore usually develops 
directly into a new gametophyte. Many of 
the Bangiophyceae reproduce asexually 
by spores that are either borne singly in 
sporangia or are formed by direct meta- 


morphosis of vegetative cells. Bangio- 
phyceae which reproduce asexually may or 
may not have the sexual cycle also. 

In the larger and more advanced of 
the two classes of red algae, the Florideo- 
phyceae, the sexual cycle is more complex, 
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and meiosis is usually or always preceded 
by one or more mitotic divisions of the 
zygote nucleus. Fertilization is followed by 
the production of specialized filaments, 
called gonimoblast filaments. ‘These arise 
either directly from the carpogonium, or 
more often from one or more auxiliary 
cells into which the zygotic nucleus or 
some of its descendants have migrated. 
The migration into an auxiliary cell takes 
place through a specialized filament which 
grows out from the carpogonium and con- 
nects to an adjacent or more or less distant 
cell. The auxiliary cell may send out sec- 
ondary connecting filaments through which 
the descendants of the zygotic nucleus mi- 
grate to other auxiliary cells. The original 
haploid nucleus of the auxiliary cell mi- 
grates to the edge of the cytoplasm and 
takes no part in further developments. The 
gonimoblast filaments are multicellular and 
often branched. The mass of gonimoblast 
filaments is called the gonimoblast. The 
visible unit formed by the gonimoblast and 
associated cells of the parent gametophyte 
is called the cystocarp. The cystocarp wall 
is not part of the gonimoblast. 

The gonimoblast is typically (always? ) 
diploid, with the full zygotic number of 
chromosomes. Each cell of a gonimoblast 
filament, or only the terminal cell or cells, 
matures into a sporangium called a carpo- 
sporangium. Each carposporangium re- 
leases one or four naked carpospores. After 
it is released from the carposporangium, a 
carpospore develops (by a series of mitotic 
divisions) into a thallus called a tetraspo- 
rophyte. In at least some of the red algae 
the tetrasporophyte is diploid and corre- 
sponds to the sporophyte in other plants 
that have an alternation of sporophyte and 
gametophyte generations. Understanding 
of the life cycles of red algae is ngw in a 
state of flux, especially with regard to the 
time of meiosis, and it is possible that all 
tetrasporophytes will prove to be sporo- 
phytic in the traditional sense. 

In most of the Florideophyceae the 
tetrasporophyte is very similar in appear- 


ance to the gametophyte. In others, nota- 
bly some members of the order Nemaliales, 
the tetrasporophyte is smaller than the 
gametophyte and dissimilar in form, some- 
times so differcnt that the tetrasporophyte 
has been taken for another kind of plant. 

A mature tetrasporophyte bears a 
number of sporangia. Each of these usually 
bears four spores and is called a tetraspo- 
rangium; the included spores are tetra- 
spores. A young tetrasporangium generally 
has a single diploid nucleus that undergoes 
meiosis to produce four haploid nuclei, 
which become the nuclei of the tetraspores. 
After they are released from the tetraspo- 
rangium, these tetraspores germinate and 
develop into new gametophytes. 


CLASSIFICATION 


The red algae may be divided into 
two classes, the Bangiophyceae and Florid- 
eophyceae. The Bangiophyceae have until 
recently usually all been referred to a sin- 
gle order, the Bangiales. Some modern 
students of the group prefer to recognize 
several orders instead, but for our purposes 
the traditional treatment will suffice. The 
Florideophyceae are customarily divided 
into six orders, largely on the details of the 
life cycle. The characteristics of the classes 
are given in the appendix. 


REPRESENTATIVE GENERA 


ASTEROCYTIS 


Asterocytis (Fig. 15.3) is a widespread 
fresh-water genus of the Bangiophyceae, 
rarely collected in the United States. The 
thallus is a branching filament with typi- 
cally ellipsoid cells placed end to end. 
Each cell is enclosed by a gelatinous 
sheath distinct from the gelatinous sheath 
which encloses the whole filament. Within 
each cell there is a single, central, bright 
blue-green, star-shaped chloroplast with 


NUCLEUS 





a central pyrenoid. Cell division is inter- 
calary and at right angles to the long axis 
of the cell. Sexual reproduction is un- 
known in the genus. Asexual reproduction 
occurs by the formation of akinetes, or 
more often by the liberation of the proto- 
plast of a vegetative cell as a naked asexual 
spore. After lodging in a suitable place, 
the spore forms a wall and divides mitotic- 
ally to form a new filament. 


PORPHYRA 
Porphyra (Fig. 15.4) is a marine 
genus of the Bangiophyceae, commonly 
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Fig. 15.3 Asterocytis. (X 500.) 


found on rocks in the intertidal zone on 
both coasts of North America as well as 
in the Old World. The thallus is a flat 
or convoluted sheet, one or two cells thick 
and several inches to several feet across. It 
is attached to the substrate by a basal 
holdfast. The cells of the thallus are cubi- 
cal to broadly ellipsoid and are embedded 
in a very tough common gelatinous matrix. 
There are one or two star-shaped chloro- 
plasts, each with a large central pyrenoid, 
in each cell. ‘The small and inconspicuous 
nucleus lies alongside the chloroplast, or 
between the two chloroplasts. The thallus 


Fig. 15.4 Porphyra. Life 
cycle: A, thallus; B, cross sec- 
tion through part of thallus, 
showing vegetative cells; C, 
same, showing masses of 
spermatangia; D, same, 
showing carpogonia; £, same, 
showing release of sperm- 
atia; F, same, showing sperm- 
atium about to fuse with 
carpogonium; G, same, show- 
ing clusters of carpospores; 
H, carpospores; l, filament of 
Conchocelis stage; J, filament 
of Conchocelis stage, with 
monosporangia; K, mono- 
spore. (A, X3/5; B-G, X125; 
M X350 O00 175.) 
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varies in color from deep olive brown to 
pink or deep red, according to the amount 
and proportions of pigments in the chloro- 
plasts. The pink and red species contain 
relatively more phycoerythrin and less 
phycocyanin than the olive-brown ones 
and occur lower in the intertidal zone. 

Spermatangia and carpogonia are 
borne at the margins of the thallus on the 
same or on different individuals, accord- 
ing to the species. Spermatangia are pro- 
duced in masses of 16, 32, 64, or 128, 
which lie just within the gelatinous matrix 
of the thallus. Each such mass is formed 
by a series of mitotic divisions from a 
single vegetative cell. The gelatinous 
matnx of the thallus shrinks considerably 
with the drying exposure between tides. 
When a thallus with mature spermatangia 
is flooded by the incoming tide, thé swell- 
ing of the gelatinous matrix squeezes the 
male cells out into the water. The sper- 
matia are carried about by the water, and 
some of them lodge against carpogonial 
portions of thalli. 

Some of the vegetative cells near the 
margin of the thallus undergo minor 
modification to become carpogonia. A ma- 
ture carpogonium is ellipsoid, with a small 
protuberance at one or both ends. The 
protuberance, which commonly reaches 
the surface of the matrix, may be regarded 
as a rudimentary trichogyné. In some cases 
the carpogonium does riot reach the sur- 
face of the thallus, and the male nucleus 
is delivered to it through a tube which 
grows out of the spermatium. In any case, 
the spermatial nucleus migrates into the 
carpogonium and fuses with the carpo- 
gonial nucleus. The zygote then divides 
repeatedly to form 2, 4, 8, 16, or 32 carpo- 
spores. It has been claimed that the first 
division of the zygote is meiotic, but this 
has not yet been definitely established. 

The naked carpospores are extruded 
from the thallus in the same manner as 
spermatia. After a few days in which it 
creeps about very slowly in an amoeboid 


manner, a Carpospore rounds up, forms a 
wall, and undergoes a series of divisions 
to form a branching filament. It has only 
recently been recognized that these fila- 
ments are stages in the life cycle of Por- 
phyra. The filamentous stage of Porphyra 
umbilicalis is a shell-boring alga that has 
previously been known as Conchocelis 
rosea. Filaments of the Conchocelis stage 
produce sporangia that each contain a 
single spore; and recent studies suggest 
that each of these spores develops into a 
gametophytic thallus of the ordinary Por- 


phyra type. 


NEMALION 


Nemalion (Fig. 15.5) is a marine 
genus of the Florideophyceae, found at- 
tached to rocks in the middle of the inter- 
tidal zone. The reddish-brown mature 
thallus is several inches long and irregu- 
larly and sparsely branched; each branch 
is cylindrical, somewhat wiry in appear- 
ance, and composed of compacted fila- 
ments. The core of a mature branch 1s 
made up of intertwined longitudinal fila- 
ments composed of elongate cells with- 
out chloroplasts. This colorless central axis 
is enclosed by a sheath of short, densely 
branched, radially spreading filaments 
which commonly terminate in long slender 
hairs. Most cells of the lateral filaments 
are barrel-shaped, with a single stellate 
(star-shaped) chloroplast that has an evi- 
dent pyrenoid. The cross wall between 
adjaccnt cells of any filament is imperfect, 
with a distinct pit connection. 

Spermatangia and carpogonia are pro- 
duced on the same plant, but not always 
at the same time. An ordinary vegetative 
cell terminating one of the lateral fila- 
ments divides repeatedly to form a chain 
of four to seven cells which become the 
spermatangial mother cells. Each of the 
spermatangial mother cells generally pro- 
duces four radially arranged spermatangia. 
Each spermatangium contains a single uni- 
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Fig. 15.5 Nemalion. Life cycle: c., carpogonium; cs., carposporangium, e.ts., empty 
tetrasporangium; p., placental cell; s., spermatium; t., trichogyne; ts., tetrasporangium. 


nucleate spermatium, which is eventually 
liberated by rupture of the spermatangial 
wall. 

The one to five (typically three) cells 
of a carpogonial filament are produced 
by successive divisions from an intercalary 
cell of one of the lateral filaments of the 
thallus. The lateral flament thus appears 
to be bifurcate, with one of its two tips 
being carpogonial filament. The terminal 
cell of the carpogonial filament becomes 
the carpogonium, which is tipped by a 
well-developed trichogyne. When a sper- 
matium lodges against the trichogyne, the 
walls separating the two dissolve at the 
point of contact. The spermatial nucleus 
divides, and one or both of the daughter 
nuclei are delivered to the trichogyne. One 
of the daughter nuclci moves down into 
the body of the carpogonium and fuses 
with the carpogonial nucleus. 

The first division of the zygotic nu- 
cleus was at one time thought to be meiotic, 
but this has been shown not to be true. 
A horizontal cross wall is formed in the 


carpogonium betwcen the two nuclei 
tormed ın the first division. The nucleus in 
the lower of the two cells does not divide 
again, and eventually it disintegrates. The 
nucleus in the terminal cell divides again, 
and one of the daughter nuclei moves out 
into a protuberance which eventually be- 
comes delimited by a cross wall. This latter 
cell becomes the initial of a gonimoblast 
filament. Several additional gonimoblast 
initials are produced in the same fashion 
by the terminal cell. Each of these gonimo- 
blast initials develops by a series of mitotic 
divisions into a short, compaetly branched, 
gonimoblast filament, and the apical cell 
of each of the branches eventually en- 
larges to become a carposporangium. 
Meanwhile the cross walls separating the 
lower cells of the carpogonial filament 
from each other dissolve, as does also the 
lower wall of the lower of the two carpo- 
gonial cells. The resulting elongate cell 
which connects the cystocarp (the collec- 
tion of gonimoblast filaments and the 
upper carpogonial daughter cell from 
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which they are developed) to the vege- 
tative portion of the thallus is often called 
the placental cell. 

Each carposporangium ruptures at the 
tip and releases a single naked carpospore. 
Thereafter a new carposporangium may be 
produced within the wall of the old one 
by proliferation from the cell beneath, and 
this process may be repeated several times 
during the summer. The whole thallus dies 
and disintegrates in the fall. The naked 
carpospore attaches itself to the substrate 
and develops a wall. Then by a series of 
apparently mitotic divisions it develops 
into a sparingly branched, uniseriate fila- 
ment which functions as a tetrasporophyte. 
Eventually these filaments (tetrasporo- 
phytes) produce a tetrasporangium on each 


DILAN 


TETRASPOROPHYTE 





of one or more lateral swellings or pro- 
tuberances. Each tetrasporangium gives 
rise to four tetraspores which develop into 
the familiar Nemalion plants. It is be- 
lieved, though not yet firmly cstablished, 
that meiosis takes place in the tetraspo- 
rangium. The familiar Nemalion plant is 
thus considered to be the gametophyte, 
and the tetrasporophyte is presumably 
comparable to the sporophyte of other 
groups of plants which show alternation of 
generations. Nemalion differs from Polysi- 
phonia among other respects in that the 
tetrasporophyte is very different in appear- 
ance from the gametophyte. 


POLYSIPHONIA 


Polysiphonia (Figs. 15.6, 15.7) is a 


Fig. 15.6 Polysiphonia. Life 
cycle: A., auxiliary cell; c., 
carpogonium; c.c., cover cell 
c.f., carpogonial filament; cs., 
carpospore; p., pericarp; p.c., 
placental cell; s.b., spermatial 
branch; s.c., supporting cell; 
sp., spermatium; t., tricho- 
gyne; ts., tetraspore. 
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cells are uninucleate, and there are evident 
pit connections between adjacent cclls. 
The pericentral cells, at least, contain nu- 
merous small chloroplasts. Both the axial 
and the pericentral cells are elongate and 
slender. Older branches of some species 
develop an outer layer of small cells exter- 
nal to the pericentral cells. 

Younger parts of the branches bear 
scattered trichoblasts. These are special- 
ized branches, initially uniseriate, dichot- 
omously branched one or more times, and 
with little or no pigmentation. Some trich- 
oblasts are sterile, but others bear male 
or female gametangia. An_ individual 
gametophyte is usually or always uni- 
sexual. 

One of the first two branches of a 
male trichoblast will produce spermatan- 
gia, but the other branch usually forks 
repeatedly without bearing spermatangia. 
The fertile branch of a male trichoblast is 
structurally somewhat like an ordinary 
vegetative branch with an axial filament 
surrounded by pericentral cells. Each peri- 
central cell cuts off one or more sperma- 
tangial mother cells on its outer face, and 
each of these bears one to four sperma- 
tangia, according to the species, on its 
outer surface. The resulting spermatangial 
branch, which is barely or scarcely visible 
to the naked eye, is covered all around 
with spermatangia. Whcn magnified, its 
appearance casually suggests that of an 
irrcgular ear of corn. Each spermatangium 
ruptures to release its single spermatium, 
after which a new spermatangium is some- 
times developed from the spermatangial 
mother cell within the wall of the old 
spermatangium. 

The female trichoblasts are more 
modified and reduced than the male. The 
main axis is five to seven cells long, and 
the two basal cells give rise to surrounding 
pericentral cells. One of the pericentral 
cells in the upper tier becomes the sup- 
porting cell which gives nse to a curved, 
four-celled, carpogonial filament. The ter- 


minal cell of this filament becomes the 
carpogonium, with a definite trichogyne. 
The supporting cell also gives rise to two 
short sterile filaments. 

Fertilization takes place in the usual 
manncr after the spermatia have been 
carried to the trichogynes by water cur- 
rents. The supporting cell then produces 
on the upper lateral surface a new daugh- 
ter cell which lies near the base of the 
carpogonium and becomes the auxiliary 
cell. A tubular connection is established 
between the auxiliary cell and the base of 
the carpogonium, and a diploid nucleus, 
formed by mitotic division of the zygote 
nucleus, migrates into the auxiliary cell 
A densely compacted mass of gonimoblast 
filaments grows out from the auxiliary 
cell, and meanwhile the supporting cell, 
the auxiliary cell, and the cells of the 
sterile branches from the supporting cell 
fuse to form an irregular placental cell. 
The carpogonial filament itself withers 
and does not contribute directly to the 
formation of either the placental cell or 
the gonimoblast filaments. After fertiliza- 
tion a rim or cup of tissue arising from 
the pericentral cells of the trichoblast, 
grows out around the supporting cell and 
its derivatives. By the time the gonimo- 
blast is mature, this cup has become a 
vase-like enclosing pericarp (or cystocarp 
wall) with a small opening at the tip. The 
term pericarp is used for an entirely differ- 
ent, although vaguely analogous, struc- 
ture in angiosperms. 

The cells of the gonimoblast filaments 
are diploid and uninucleate. The terminal 
cell of each of these filaments becomes a 
carposporangium which liberates a single 
diploid carpospore. 

A carpospore grows and develops by 
a series of mitotic divisions into a tetra- 
sporophyte which vegetatively resembles 
a gametophyte. The tetrasporangia are 
borne singly within the branches, adjacent 
to the axial filament and internal to a pair 
of cover cells. The tetrasporangium, the 


cover cells, and one or two other cells 
associated with the tetrasporangium all 
arise by a series of mitotic divisions from 
a single pericentral cell which is smaller 
than the other pericentral cells in its tier. 
Usually tetrasporangia are developed in 
several successive tiers, forming a row. The 
young tetrasporangium contains a single 
diploid nucleus which undergoes meiosis 
to produce four haploid nuclei, which be- 
come the nuclei of the four tetrasporcs. 
The two cover cells bow apart to release the 
tetraspores after the tetrasporangium breaks 
open. A tetraspore has the haploid number 
of chromosomes and develops by a series 
of mitotic divisions into a gametophyte. 


CORALLINE ALGAE 


The coralline algae, constituting the 
family Corallinaceae of the order Crypto- 
nemiales, are marine red algae in which 
the thallus becomes strongly ealcified. 
Such genera as Lithothamnion and Poro- 
lithon are important contributors to the 
growth of coral reefs. The algae commonly 
grow closely intermingled with coral ani- 
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mals, which are also heavily calcified. The 
life cycle of the coralline algae is more or 
less similar to that of Polysiphonia, with 
a number of differences in detail. 


Fossi. FORMS 


The coralline algae have been active 
reef builders in the geologic past as well 
as in recent times, and fossils which are 
identified as representing the modern 
genus Lithothamnion are known from as 
far back as the Triassic period. Other fos- 
sils which very probably represent cal- 
careous red algae are abundantly repre- 
sented in strata of Ordovician to Jurassic 
age. 


ECONOMIC IMPORTANCE 


Red algae are cconomically important 
as the source of the colloids agar and car- 
rageenin. Prior to World War II, agar was 
produced almost entirely in Japan, from 
the genus Gelidium. During and after the 
war, a number of other genera, occurring 





Fig. 15.8 Gonolithon strictum, a coralline red alga 


natural size.) (New York Botanical Garden photo.) 


from the Bahama Islands. (About 
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on both coasts of North America and on 
the coasts of Australia and South Africa, 
have also been used as a source of agar. 
Agar is widely used as a culture medium 
for bacteria (see Chapter 7), as a bulk 
producer in laxatives, and as a stabilizer 
or filler in various commercial foods. 

Chondrus crispus (Fig. 15.9), the 
“Trish moss,” is the traditional source of car- 
rageenin, which has properties different 
from those of agar and algin. Irish moss 
is harvested on the coasts of northern 
Europe, New England, and the Maritimes, 
and colloids very similar to carrageenin are 
now obtained from other red algae else- 
where in the world. Carrageenin is exten- 
sively used as an emulsifying and stabiliz- 
ing agent, as, for example, in chocolate 
milk. 


Porphyra is used for food in the 
Orient, both as a prime ingredient of soup 
and as a flavoring for other foods. The 
plant is cultivated on tidelands in Japan 
and is harvested annually. 

The role of red algae in the forma- 
tion of coral reefs has already been dis- 
cussed. Red algae also have some signif- 
cance as the original producers of the food 
on which marine animals directly or in- 
directly depend, but, like the brown algae, 
they are much less important in this re- 
gard than the diatoms and dinoflagellates. 


RELATIONSHIPS 


The red algae are so different from all 
other algae that they are taxonomically 





Fig. 15.9 Chondrus crispus, the Irish moss. (About natural size.) (Courtesy CCM: General 


Biological, Inc., Chicago.) 


rather isolated. They have most often been 
compared to the blue-green algae, which 
they resemble in having phycobilins as im- 
portant accessory photosynthetic pigments, 
in the complete absence of flagellated cells, 
and in a number of detailed chemical and 
ultrastructural features. Among these fea- 
tures are the similarity of floridean starch 
to cyanophycean starch, the common pos- 
session of free trehalose, which is not 
known in other algae, and free galactose, 
which is rare in other algae, and the occur- 
rence of the photosynthetic lamellae as 
widely separated bands that are not stacked 
or grouped (although they are collectively 
enclosed by the chloroplast membrane in 
the red algae). 

On the other hand, the red algae are 
distinctly eukaryotic, in contrast to the pro- 
karyotic organization of the blue-green 
algae. If the cukaryotic condition evolved 
only once, as most evolutionary biologists 
believe, then the red algae must be related 
to the other algae, and in a sense more 
closely related to them than to the blue- 
green algae. One possible answer to this 
problem is to consider that there was an 
early evolutionary dichotomy among the 
most primitive eukaryotes (derived from 
blue-green algae), and that the red algae 
retained a number of primitive chemical 
and ultrastructural features that have been 
lost by the other eukaryotes. The possi- 
bility can not yet be excluded, however, 
that the red algae attained the eukaryotic 
condition independently of the flagellated 
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algae. The apparently complete absence of 
centrioles, as well as flagella, from the red 
algae, further emphasizes their separation 
from other algae. 

There is no doubt that the Florideo- 
phyceae are the more advanced of the two 
classes of red algae. In all the respects in 
which the two classes differ, as shown in 
the Appendix, the Bangiophyceae appear 
to be the more primitive. The possible 
connection between the two groups has 
become morc remote, however, as the life 
cycles in the Florideophyceae have become 
better known. The order Nemaliales in the 
Florideophyceae recalls the Bangiophyceae 
in some respects, but the discovery that the 
Nemaliales have a tetrasporophyte phase 
in the life cyele has widened the apparent 
gap between the two classes. 


SUGGESTED READING 
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Mexico, Allan Hancock Pacific Expcdi- 
tions, vol. 17, University of Southern 
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Levring, Tore, Heinz A. Hoppe, and Otto J. 
Schmid, Marine algae: A survey of research 
and utilization. Cram, de Gruyter & Co., 
Hamburg 1969. Strong on chemistry and 
economic products. 

Taylor, William Randolph, Marine algae of 
the eastern tropical and subtropical coasts 
of the Americas, University of Michigan 
Press, Ann Arbor, 1960. A taxonomic 
treatment. 
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Lepiota americana, a common mushroom. (X2.) This genus contains both edible and 
poisonous species, as well as species which are poisonous to some people and harmless 
to others. (Photo by Hugh Spencer, from National Audubon Society.) 
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Unicellular to multicellular or acellular plants with well-defined, 
mitotically dividing nuclei, without chlorophyll and without vascular 
tissue, typically more or less filamentous, with or without cross walls, 

less often distinctly unicellular, and sometimes plasmodial, or some of the 
filaments sometimes compacted into structures of definite macroscopic 
form but usually without much differentiation of tissues; walls of the cells 
or filaments mostly chitinous, sometimes of cellulose; gametangiapwhen 





i» Four classes,.the 


Myxomycetes, piveomycetae Pecomiveetes, and Basidiomycetes, plus 
Fungi Imperfecti, a group in which the life cycle has bypassed the stages 
which permit assignment of the organism in one of the other classes. 
The Myxomycetes are here considered to constitute a subdivision 
Myxomycotina; the other classes collectively make up the subdivision 


Eumycotina. 


Fungus (pl., fungi) is a Latin word, 
originally applied to mushrooms, the 
meaning of which has gradually been ex- 
panded to cover molds, yeasts, and all 
other organisms which seem to be related 
to the mushrooms. The fungi constitute 
part of one of the 24 classes of plants 
recognized by Linnaeus in the Species 
Plantarum. It has been estimated that 
there are more than 40,000 known species 
of fungi, and that at least as many more, 
perhaps twice as many, remain to be dis- 
covered. More than 75,000 species are 
listed in the Sylloge Fungorum, but many 
of these names represent inadvertent re- 
descriptions of previously known species. 
The Sylloge Fungorum is an index, orig- 
inally prepared by the Italian mycologist 
Pier Andrea Saccardo (1845-1920), in 
which an attempt is made to reprint in a 
standardized form all the original descrip- 
tions of species of fungi, with a reference 
to the original publication of each. The 
first complete set of Sylloge Fungorum 
occupied eight volumes, which were pub- 
lished serially from 1882 to 1889. Seven- 
teen supplements have since been issued. 
The most recent and probably the last 
of these appeared in 1931. 






Subdivision Myxomycotina: 
Myxomycetes 


DEFINITION AND VEGETATIVE 
FEATURES ` 


are fungi which in part or all of the “vcge- 
tative” stage are amoeboid and usually 





16.1) although it has been shown that 





covering distinct from the proper proto- 
plast. If this wall is ruptured, some of the 
protoplasm tends to flow out in a fashion 
that has been roughly compared to bleed- 
ing. 

The plasmodium, as we shall con- 
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tinue to call it, is thin, colored or color- 
less, and often several inches across. It 
moves in an amoeboid manner, flowing 
slowly across or through the substrate and 
ingesting bacteria and other small organic 
particles. The limiting membrane is evi- 
dently very thin at the advancing front, 
and food particles are engulfed in an 
amoeboid manner. The lining of a food 
vacuole is part of the original exterior sur- 
face of the plasmodium. Farther back 
from the tip, the wall becomes thicker 
and more readily demonstrable as a sep- 
arate structure. The protoplast flows for- 
ward within the wall, while the wall itself 
remains stationary. Consequently the old 
wall is left behind the advancing plasmo- 
dium as a slime trail which soon degen- 
erates or decays. The chemical nature of 
this wall has not been established. Waste 
particles are left behind with the slime 
trail, The plasmodium also contains con- 
tractile vacuoles which presumably have 
an excretory function. 


Fig. 16.1 Plasmodium of a 
myxomycete (Physarum). 
(Much enlarged.) (Courtesy 
CCM: General Biological, 
Inc., Chicago.) 


DISTRIBUTION AND HISTORY 


The Myxomycetes are common but 
inconspicuous inhabitants of dead wood 
and other vegetable remains, and of the 
dung of herbivorous animals, often spend- 
ing most of their lives within the sub- 
strate and emerging only when about to 
produce sporangia. They were first recog- 
nized as a natural group in 1829 by the 
Swedish mycologist Elias Magnus Fries 
(1794-1878), who is considered to be the 
father of systematic mycology. Fries con- 
sidered the Myxomycetes to be a group 
within what we now call the class Basidio- 
mycetes. Four years later another botanist 
elevated them to a rank coordinate with 
the other major groups of fungi, and the 
status of the slime molds as a group dis- 
tinct from the other fungi has been essen- 
tially unchallenged since that time. Many 
students have even regarded them as ani- 
mals, under the name Mycetozoa, rather 
than as fungi. The relationships of the 


Myxomycetes are discussed on p. 279. The 
greatest contribution to our understanding 
of the morphology and taxonomy of the 
group was made by the Polish mycologist 
Josef Rostafinski (1850-1928) in a mono- 
graph published in 1874. 


LIFE CYCLE 


The typical myxomycete life cycle 
(Fig. 16.2) is as follows: The spore wall 
ruptures to release one or, less often, two 
naked, biflagellate cells called swarm 
spores or swarm Cells; The flagella are both 
of the whiplash type and are unequal, one 
often being so short as to be easily over- 
looked in ordinary microscopic prepara- 
tions. These swarm cells move and ingest 
food particles in an amoeboid fashion; in 
at least some cases they also absorb solu- 
ble food material. Several mitotic divisions 
may or may not occur; the resulting cells 
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all become separated. Eventually the 
swarm cells become more rounded and 
retract their flagella. 


The myxamoebae, as these modified 


cells without flagella are called, usually 
enlarge and undergo several mitotic cell 
divisions, after which the separated indi- 
vidual myxamoebae act as gametes and 
fuse in pairs to form zygotes. : 


; no-flagellated stage.) The zygote 
grows and undergoes a series of mitotic 
nuclear divisions*without becoming dif- 
ferentiated into separate cells, thus form- 
ing a plasmodium. Individual zygotes or 
plasmodia may also fuse with one another, 
without subsequent nuclear fusion, so that 
the nuclei of a mature plasmodium may 





Fig. 16.2 Life cycle of a typical 
myxomycete. 
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have been derived from a number of dif- 
ferent zygotes. 

Eventually the plasmodium heaps it- 
sclf up somewhat and produces a number 
of short erect branches which develop into 
sporangia. The sporangia vary in length 
from less than 1 mm to fully 1 cm, and 
compound clustered sporangia formed by 
some species may be as much as 10 cm 
across. Often the sporangium is borne on 


a definite stalk. A sporangium with its- 


stalk (if any) is called a fruiting body 
CEAZS eal O LOT cette ert PCLT TTT] 
calcified wall, callcd the -peridium, sur 
rounds the “sporangiumy The pcridium 
often contains cellulose. A network of 
slender vacuoles is formed within the de- 
veloping sporangium, and this network is 
often augmented by slender invaginations 
of the peridium. The mature sporangium 


contains a network of fibrous, often calci- — 


fied strands, called the capillitium (Fig. 
16.4) which is formed by deposition from 
the surrounding protoplasm into the vac- 
uolar network. The vacuolar network of 
the young sporangium seems to be the 
direct precursor of the capillitium of the 
mature sporangium. 








The nucle: within the developing 
sporangium undergo reduction division, 
and a very large number of spores each 
with the haploid number of chromosomes, 
is formed by cleavage of the protoplast.’ 
Sometimes there is a central column, 
the columella, which does not develop 
into spores. Each spore is surrounded by 
a»dehnite wall; which in various species 
has been reported to contain cellulose, 
chitin, or neither of these substances. The 
capillitium regulates the release of the 
spores, preventing all of them from being 
discharged at once. Anlyiparteofethesplas- 
modium which is not used up in the for- 
mation of spores and sporangia may return 
to “vegetative” activity, sometimes after 
going through a resting stage. 


TAXONOMY 


As here defined, the Myxomycetes 
consist of 8 orders and perhaps 500 spe- 
cies. Most of the species are encompassed 
in four orders, the Liceales, Trichiales, 
Stemonitales, and Physarales. These four 
orders are the typical Myxomycetes. With 


rn 





Fig. 16.3 Myxomycete fruiting bodies, on dead wood. Left, Lycogala epidendrum (X1/2); 
right, Trichia floriformis (about natural size). (New York Botanical Garden photos.) 
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Fig. 16.4 Stemonitis fruiting bodies. Left, on wood (X3); right, part of capillitium, after 
discharge of spores (X100). (Courtesy CCM: General Biological, Inc., Chicago.) 


or without the addition of the Echino- 
steliales and Ceratiomyxales (two evidently 
but less closely allied small orders), these 
are often considered to constitute a sub- 
class, the Myxogastres. The two remaining 
orders, the Acrasiales and Plasmodiopho- 
rales, are by some mycologists excluded 
from the Myxomycetes entirely. 

The Plasmodiophorales resemble some 
of the simpler Phycomycetes in some re- 
spects and are sometimes referred to that 
class, although the flagella of the swarm 
cells of Plasmodiophora are both of the 
whiplash type, as in other Myxomycetes, 
instead of one being whiplash and one pin- 
nate, as in biflagellate Phycomycetes. 

The Acrasiales, consisting of only 
about 20 species, are particularly interest- 
ing because of their relatively primitive 
structure as compared to more typical 
Myxomycetes. The individual naked cells 
which aggregate (Fig. 16.5) to form the 
vegetative body retain their identity 
throughout, or until immediately before 
the formation of spores, and the basal cells 
of the “plasmodium” sometimes develop 


cellulose walls at the time the upper cells 
are sporulating. The “sporangia” lack the 
peridium and capillitium, characteristic of 
most other Myxomycetes, and it might be 
questioned whether the term sporangium 
can properly be used, because the clusters 
of spores are not enclosed in a definite case 
or container. Those who consider the 
Myxomycetes to belong to a division or 
subdivision apart from the true fungi some- 
times elevate the Acrasiales and Plasmodio- 
phorales to the status of classes, coordinate 
with the class Myxomycetes. There is much 
to be said in favor of this treatment. In 
view of the current revival of the old dis- 
pute about whether the Myxomycetes as a 
whole should be associated with the fungi 
(plant kingdom) or protozoa (animal 
kingdom), it is here considered prudent 
to avoid extensive taxonomic rearrange- 
ment at this time. 


ECONOMIC IMPORTANCE 


The myxomycetes are of relatively 
little economic importance. They con- 
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Fig. 16.5 Dictyostelium discoideum, a member of the Acrasiales. Naked cells aggregating 
to form a plasmodium-like body. (X about 1500.) (Courtesy of J. T. Bonner.) 


tribute to the carbon and nitrogen cycles, 
etc., by using particles of organic matter as 
food, but they also consume bacteria, 
which play a similar role in these cycles. 
Some of the taxonomically peripheral ge- 
nera are parasites of other plants. Plasmo- 
diophora brassicae, for example, causes club 
root of cabbage. 


Subdivision Eumycotina 


The fungi other than the Myxo- 
mycetes constitute a coherent group which 
may be considered to represent a sub- 
division, the Eumycotina, as contrasted to 
the subdivision Myxomycotina for the 
Myxomrycetes. * . 








of glucose-like units which contain some 
nitrogen. Chemically, a molecule of fungus 
chitin typically consists of 8 N-acetyl-glu- 
cosamine residues arranged in a pair of 
cross-linked 4-unit chains. Most Eumyco- 
tina are more or less filamentous; a small 
proportion are unicellular and uninucleate 
or have a multinucleate nonfilamentous 
protoplast. A single fungus filament is 
called a hypha. Most hyphae are branched, 
and a mass of branching hyphae is called a 
mycelium. M 








The term haustorium is 
also saan’ to organs of similar function 
but different structure produced by some 
other kinds of parasitic plants. Many fungi 
also produce relatively short hyphae which 
penetrate the substrate and serve to anchor 
the externa] mycelium. Such hyphae are 
called rhizoids, a general term applied to 


any structure which performs some of the 
functions of a root (especially anchorage) 
but is anatomically rather simple, consist- 
ing of only one or a few cells, or part of a 
cell 

The Eumycotina, like the bacteria, 
commonly release exoenzymes into the 
surrounding substrate. Different kinds of 
fungi produce different kinds of exo- 
enzymes, and a very large proportion of 
the naturally occurring organic substances 
can be used as food by one or another 
kind of fungus. Food materials which 
have been more or less completely di- 
gested by the action of these enzymes are 
absorbed by the fungus. Absorbed food 
which is not immediately used is storcd 
in the cytoplasm in a variety of different 
chemical forms, the form often being in- 
fluenced by the original nature of the 
food. Reserve carbohydrates of a wide 
range of types occur in different fungi. 
The alcohol mannitol and minute droplets 
of oil are also common food reserves. 

The sexual cycle is extremely varied 
among different fungi, with nuclear fusion 
often being delayed until long after the 
gametic nuclei have been brought together 
in the same protoplast. The actual union 
of nuclei is referred to as karyogamy, and 
the fusion of protoplasts which precedes 
karyogamy is called plasmogamy. The first 
division of a fusion nucleus is usually 
meiotic, with exceptions espccially among 
various Phycomycetes and some of the 
yeasts. The structures associated with nu- 
clear fusion and reduction division provide 
some of the most consistent guides to 
systematic relationships within the fungi, 
and the stage in which these structures 
are produced is called the perfect stage. 
When nuclear fusion and meiosis are well 
separated in the life cycle, the stage asso- 
ciated with nuclear fusion is considered 
to be the perfect stage. Often a fruiting 
body of definite macroscopic size and form 
is produced at the perfect stage. A fruiting 
body is, theoretically, composed of closely 
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compacted hyphae, but the compaction is 
often so thorough that a more or less 
parenchymatous tissue is formed. 

Reduction division usually leads di- 
rectly, or after only one or a few inter- 
vening mitotic divisions, to the formation 
of spores. Many fungi have life cycles in 
which several different kinds of spores are 
produced. Spores which are produced im- 
mediately or very soon after mciosis are, 
in this text, designated as sexual spores, 
in contrast to the asexual spores which are 
not associated with reduction division. 
These two terms, although not at all new, 
are not accepted by all botanists, and some 
authors (particularly those who would 
restrict the application of the term sex 
to distinctly male and female structures 
or organisms) prefer the terms meiospore 
and mitospore. 

Spores of the Eumycotina are usually 
nonmotile and are provided with a defi- 
nite wall, except among some Phycomy- 
cetes, which have naked spores with one 
or two flagella. When two flagella are 
present, one is of the whiplash type and 
the other of the pinnate type, in contrast 
to the Myxomycetes, in which both flagella 
are of the whiplash type. 










(The spelling with the c rather tha 
g is almost universally used by mycolo- 
gists.) Among the fungi, conidia are usu- 
ally produced by the differentiation and 
abscission of a hyphal tip, and often the 
same hypha cuts off a series of conidia one 
after another. Any hypha on which conidia 
are produced may be called a conidiophore, 
especially if it is visibly different from 
hyphae which do not produce conidia. 
Many fungi produce more than one kind 
of conidium, or they produce conidia of 
such distinctive type as to warrant a dis- 
tinctive name. Mycologists do not gener- 
ally use the term conidia for spores pro- 
duced in sporangia, even though such 
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spores in the Phycomycetes are sometimes 
strictly asexual. 


Eumycotina: Phycomycetes 


DEFINITION AND HISTORY 


The Phycomycetes are fungi which are 
typically coenocytic and usually more or 
less filamentous, and in which the perfect 
stage, usually consisting of 





. Ordinarily the only cross walls in 
the mycelium arc those which delimit the 
reproductive structures. Most Phycomy- 
cetes produce numerous spores in a spo- 
rangium, unlike nearly all other Eumyco- 
tina. Many Phycomycetes also produce 
flagellated gametes or zoospores; flagellated 
cclls are unknown in other Eumycotina. 
The Phycomycetes were first recognized as 
a coherent group in 1873 by the German 
mycologist Heinrich Anton De Bary 
(1831-1888). The name Phycomycetes 





means algal fungi, and this translation of 
the scientific name is sometimes used as 
an English name for the group. 


DISTRIBUTION AND TAXONOMY 





kA 


It has been estimatcd that there are 
about 1300 known species of Phycomy- 
cetes. Disregarding a few small aberrant 
groups of doubtful affinities, they may be 
classified into nine orders. i 

It is now becoming customary to divide 
the traditional class Phycomycetes into 
three or more classes, principally the Chy- 
tridiomycetes, and Zygomy- 
cetes, and this sort of classification may 





Fig. 16.6 Left, Elias Magnus Fries (1794-1878), Swedish mycologist, the father of sys- 
tematic mycology. Right, Heinrich Anton De Bary (1831-1888), German mycologist, who 
worked out the life cycle of Puccinia graminis and made many other important mycological 
contributions. (Photos courtesy of Department of Plant Pathology, Cornell University.) 





well be useful. The first two of these segre- 
gate classes i 


gametes? Their sexual reproduction in- 


volves definite, unicellular gametes which 
unite .to form unicellular, uninucleate 
zygotes. ‘The 





> flag A Phħeir sex- 
ual reproduction involves fusion of multi- 
nucleate gametangia to form a multinu- 
eleate zygospore. 

The Chytridiomycetes and Oomycetes 
show parallel morphological (and presum- 
ably evolutionary) series from types with a 
tiny, more or less spherical, few-nucleate 
“vegetative” body to types with a typical 
coenocytic mycelium that is much like that 
of the Zygomycetes. ‘They differ, however, 
in the structure of the flagella, the chemi- 
cal composition of the cell (or hyphal) 
wall, and other chemical features such as 
the pathway for making lysine. The evolu- 
tionary relationships among these several 
groups are still debatable. A view which is 
gaining some ground is that the Chytri- 
diomycetes and Oomycetes originated from 
different groups of algal flagellates, and 
that the Zygomycetes originated from the 
Chytridiomycetes. Of the four phycomyce- 
tous orders discussed in the following 
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pages, the Chytridiales represent the Chy- 
tridiomycetes, the Saprolegniales and 
Peronosporales represent the Oomycetes, 
and the Mucorales represent the Zygo- 
mycetes. 


CHYTRIDIALES 


The chytrids (Fig. 16.7) are among 
the simplest fungi in structure. They are 
all either aquatic or dependent on water 
for their dispersal. ‘The zoospores and mo- 
tile gametes of a given species are all alike 
in appearance, and in many cases they are 
interchangeable in function. They are 
naked, uninucleate, and provided with a 
single posterior whiplash flagellum. Two 
cells which would otherwise function as 
zoospores may unite isogamously to form 
a zygote, or sexual fusion of the two cells 
may be delayed until after the zoospores 
have settled down on the surface of the 
host and lost their flagella, or even until 
after these cells have entered a cell of the 
host. Thereafter the sexual and asexual 
cycles are, at least in most cases, essentially 
similar, except that the first division of the 
zygotie nucleus is a reduction division 


Fig. 16.7 Life cycle of a mono- 
centric chytrid: g., gamete; sp., 
sporangium; z., zygote; Zs., 
zoospore. 
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which sometimes leads directly to the 
formation of zoospores. 

Many chytrids are intracellular para- 
sites, but some are saprophytes or para- 
sites which remain attached to the surface 
of the host or substrate and extraet nour- 
ishment by means of haustoria or rhizoids 
which penetrate the host cclls or the sub- 
strate. The infecting fungus cell, be it zoo- 
spore or zygote, soon develops a definite 
wall, which is usually or always chitinous. 
Among those chytrids which are intracellu- 
lar parasites, the growing parasitic fungus 
cell may remain essentially spherical or 
ellipsoid, or it may send out a number of 
short, branching hyphae which have been 
called rhizoids. Some kinds of chytrids, 
especially those which are not wholly intra- 
cellular, develop a small coenocytie myce- 
lium with scattered swollen areas, each 
such swelling being comparable to the in- 
dividual cell of simpler forms. The two 
types are referred to as monocentric and 
polycentric chytrids, according to the num- 
ber of swollen areas which make up the 
major part of the body of the fungus. 

The nucleus divides repeatedly as the 
cell (or mycelium) enlarges, and even- 
tually the protoplast of the cell (or of the 
individual center of a polycentric my- 
celium) becomes segmented into a very 
large number of uniflagellated, naked 
swarm cells, or into a smaller number of 
uninucleate or few-nucleate cells, each 
provided with its own wall. In the latter 
case, the individual cells thus formed may 
be wholly included within the wall of the 
original parent cell, or more or less ex- 
setted from it. After a series of further 
nuclear divisions, the protoplast of each of 
these cells becomes segmented into a large 
number of uniflagellate naked swarm cells. 
Thus, in some chytrids the original cell or 
individual center of the mycelium devel- 
ops directly into a sporangium, whereas in 
others a number of sporangia are formed 
within or from the original cell or center. 
The swarm cells function as zoospores or 


as isogametes, according to the species and 
the circumstances. There are many chytrids 
in which only the asexual cycle, with the 
swarm cells acting as zoospores, is known; 
but more careful study will doubtless show 
that some of these also have the sexual 
cycle. 

The mature sporangium, or cluster of 
sporangia, commonly occupies most or all 
of the space enclosed by the cell wall of 
the host, the host protoplast previously 
having died and been largely used by the 
fungus. Rupture of the cell wall of the host 
releases the sporangia or the individual 
swarm cells, which escape from the spo- 
rangium through a local softening of the 
wall or through a lid like a trap door, 
known as an operculum. 

Most chytrids are of little economic 
interest. Synchytrium, a genus of mono- 
centric chytrids without rhizoids, fre- 
quently parasitizes vascular plants. One 
species, S. endobioticum, causes the wart 
disease of potatoes. 
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occur most commonly in fresh water, but 
many of them inhabit moist soil. They are 
saprophytes living on dead plant or animal 
remains, or they are facultative or obligate 
parasites of algae, fish, and various small 
aquatic animals, or occasionally they are 
parasites of the roots of vascular plants. 
They have a well developed mycelium, and 
the larger hyphae commonly have a dis- 
tinct central vacuole. The hyphal wall con- 
sists chiefly of glucose polymers, commonly 
including some 10-20 percent cellulose. 
Hemicelluloses are perhaps also present, 
but apparently not chitin. Most of the 
mycelium develops within the substrate, 
the external mycelium being chiefly repro- 
ductive in function. 

A sporangium is formed at the tip of 
each of many external hyphae and be- 


comes delimited from the remainder of 
the hypha by a partition. The hypha which 
terminates in a sporangium may be termed 
a sporangiophore. The multinucleate proto- 
plast of the sporangium becomes seg- 
mented into numerous uninucleate zoo- 
spores which usually have two anterior 
flagella, one whiplash, the other pinnate. 
The zoospores escape through the soft- 
ened tip of the sporangium, or through a 
lateral protuberance. After the sporangium 
has opened, the basal partition may arch 
upward and become the distal wall of a 
new sporangium which becomes delimited 
by another basal cross wall; or a new spo- 
rangium may be produced on a short 
ascending lateral branch which develops 
near the tip of the sporangiophore. 

The primary zoospores are usually 
more or less pear-shaped. They swim about 
for some time and eventually settle down 
and develop a wall. After a few minutes 
or hours the protoplast usually escapes 
from the wall as a secondary zoospore. 
The secondary zoospore is typically kid- 
ney-shaped, with the two flagella inserted 
in a longitudinal groove a little forward 
of the middle. The pinnate flagellum 1s 
directed forward, the whiplash backward. 
The secondary zoospore eventually settles 
down and develops a wall, after which it 
germinates by the outgrowth of a slender 
hypha. There are several variations on 
this pattern of spore development in 
various species, the most extreme being one 
in which the spores develop walls while 
still enclosed in the sporangium and ger- 
minate thereafter without going through a 
flagellated stage. 

Some water molds produce thick- 
walled conidia in chains at the ends of the 
individual hyphae. These conidia undergo 
a resting period before each one germinates 
to produce a new hypha and eventually a 
mycelium. Some of the forms which pro- 
duce conidia apparently lack the usual sex- 
ual cycle. 

Sexual 


reproduction involves the 
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formation of antheridia and odgonia, usu- 
ally apically to individual hyphae or short 
hyphal branches. ‘The o6gonium enlarges, 
rounds up, and becomes delimited from its 
stalk by a cross wall. Most of the nuclei 
in the odgonium degenerate, and one to 
several large uninucleate eggs are formed. 
When there is only one egg, some of the 
protoplasm of the odgonium often fails 
to become incorporated into the egg and 
remains for some time as a covering of 
periplasm. 

Antheridia and odgonia are borne on 
the same or different mycelia, according 
to the species. The antheridium is a slightly 
enlarged hyphal tip which sooner or later 
becomes delimited by a basal cross wall. It 
is at first multinucleate, but most of the 
nuclei eventually degenerate. ‘The an- 
theridium grows toward the odgonium, 
and, after contact has been established, a 


penetrates the odgonial wall and delivers 
a single sperm nucleus»to the egg. If there 
are several eggs in the odgonium, the con- 
jugation tube may branch and deliver a 
sperm nucleus to each. 

The fertilized egg secretes a thick 
wall and goes into a resting stage, at which 
time it is known as an oospore. Fusion of 
the sperm and egg nucleus in the odspore 
is usually delayed for some time, often 
until shortly before germination. 


n others the sporangium 
is quickly produced on a small mycelium. 
Unfertilized eggs sometimes develop par- 
thenogenetically into odspores. 

Water molds contribute to the carbon 
and nitrogen cycles, etc., in the same man- 
ner as the decay bacteria, but otherwise 
they are of relatively little economic im- 
portance. Some species cause occasional 
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root rots in higher plants, and species of 
Saprolegnia (Fig. 16.8) are a common pest 
on fish eggs and young or injured fish in 
hatcheries. 


PERONOSPORALES 


The Peronosporales are closely related 
to the Saprolegniales and are evidently 
derived from them. They_di 
Saprolegniales in bei 
rather than aquatic 
obligately so) yin 
regularly having only a single egg, with 
periplasm, in the odgonium, and they 
differ especially in that the structure which 
in the Saprolegniales remains attached to 
the mycelium and develops into a spo- 
rangiuin is in the Peronosporales generally 
released from the tip of the hypha as a 
conidium. A conidium of the Pero- 
nosporales often germinates directly to pro- 
duce a new mycelium, as do the conidia of 
most other fungi, but, if it falls into the 
water, it commonly produces zoospores 
similar to the secondary zoospores of the 
Saprolegnales. The conidium of the Perono- 
sporales is thus a modified sporangium 
which to some extent partakes of the char- 
acters of typical sporangia and typical 
conidia. The sexual cycle of the Pero- 
nosporales is essentially similar to that of 
the Saprolegniales, except ‘as noted above. 







Pythium is a genus more or less inter- 
mediate between the Saprolegniales and 
the Peronosporales, but it is usually placed 
in the latter order. Most of its species in- 
habit the soil and are facultatively sapro- 
phytic or parasitic. Pythium regularly pro- 
duces sporangia which may or may not 
be deciduous, but which in either case 
usually germinate by the formation of nu- 
merous zoospores; rarely if ever does the 
sporangium bchave as a true conidium and 
germinate directly to form a new hypha 
and eventual mycelium. Pythium is one of 
the most important causes of damping off, 
a fungus rot that is very destructive to 
seedlings. 

Phytophthora infestans (Fig. 16.9), 
another member of the Peronosporales, is 
the cause of late blight of potatoes. Orig- 
inally native to the Andes of South Amer- 
ica, as is the potato itself, the fungus has 
now become generally distributed wherever 
potatoes are grown. The first severe out- 
break of the disease in the cultivated crop 
occurred in 1845 and 1846 and resulted in 
crop failure over much of Europe and 
eastern North America. The great Irish 
Famine of 1845-47 resulted from these 
two years of crop failure, for potatoes were 
then the principal staple food of most of 
the population of Ireland. 

The conidia of P. infestans are borne 
on specialized conidiophores which emerge 
from the leaf of the potato plant through 





Fig. 16.8 A minnow infested with Saprolegnia. (New York Botanical Garden photo.) 





characteristic small openings called sto- 
mates (see Chapter 26). The eonidium is 
released into the air and is wind-borne. 
Subsequently, according to the environ- 
mental conditions, it may function as a 
sporangium and produce zoosporcs, as in 
most species of Pythium, or it may ger- 
minate directly, thus functioning as a true 
conidium. There is a minor technical dif- 
ference in the process by which zoospores 
are developed from a sporangium in 
Pythium and Phytophthora, but otherwise 
certain species of the two genera are very 
similar. 

There are many parasitic Pero- 
nosporales which, like Phytophthora in- 
festans, produce conidia apically on spe- 
cialized hyphae that typically extcnd out 
into the air through the stomates of the 
leaf of the host. These external hyphae are 
often so numerous as to make the leaf sur- 
face finely downy. Such members of the 
Peronosporales, and the diseases they cause, 
are known as downy mildews. 

One of the most important downy 
mildews is the downy mildew of grape, 
caused by Plasmopara viticola (Fig. 16.9). 
The conidiophores of this species are much 
branched toward the tip and produce a 
single conidium at the end of each ulti- 
mate branch. The fungus is native to east- 
ern North America and usually causes 
only minor damage to native American 
species of grape, but it is highly virulent 
to the common European species. It was 
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Fig. 16.9 Downy mildews: A, 
Plasmopara; B, C, Phytophthora; 
co., conidium; cp., conidio- 
phore; zs., Zoospore. 


introduced into Europe shortly before 
1878 with American grapes which had 
been brought in because of their resistance 
to the insect parasite Phylloxera. Phyl- 
loxera, also of American origin, had earlier 
become a serious pest in European vine- 
yards. 

Prior to the introduction of the downy 
mildew disease, French grape growers had 
sometimes applied a mixture of copper 
sulfate and lime to vines nearest the road- 
sides in order to discourage casual pil- 
ferage. The mixture is poisonous and looks 
it. Later it was noticed that vines to which 
this mixture had been applied were much 
less affected by downy mildew than those 
not so treated. The celebrated Bordeaux 
mixture of copper sulfate and lime, which 
is still widely used to control fungus 
diseases, was established in 1883 as a re- 
sult of experiments inspired by this dis- 
covery. 

Albugo (Fig. 16.10), another genus of 
the Peronosporales, causes the diseases 
known as white rusts. Many kinds of plants 
are affected, especially members of the 
mustard (crucifer) family. The conidio- 
phores are densely aggregated to form a 
mass which breaks through the epidermis 
of the host and becomes visible as a raised 
whitish sorus. A sorus is any cluster of 
sporangia or externally produced spores, 
in the fungi or elsewhere, especially if the 
cluster is large enough to be visible to the 
naked eye. Each conidiophore of an Al- 
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Fig. 16.10 Albugo (white rust) on Amaranthus. 
Top, part of leaf, showing sori; bottom, cross sec- 
tion of leaf and sorus (X125). (From Harold Bold, 
Morphology of plants, 2nd ed., Harper & Row, 
1967.) 


bugo sorus cuts off numerous successive 
conidia from the tip. The conidia are dis- 
tributed by the wind and germinate either 
directly or through the production of zoo- 
spores, according to the species and the 
conditions. Unlike the other rust diseases, 
which are caused by Basidiomycetes, the 
white rusts are seldom of much economic 
importance. 


% 


MUCORALES 








They usually have 
an | extensive, coenocytic mycelium within 
the substrate, and a smaller aerial repro- 
ductive mycelium. The wall is usually or 
always chitinous. The asexual sporangia 
borne on the aerial mycelium produce nu- 
merous spores, each with its own wall and 
without flagella. 

Sexual reproduction is of a special 
type apparently derived from that of the 
Saprolegniales. Two hyphal tips, usually 
of different mycelia, enlarge and come into 
contact. A multinucleate terminal part of 
each tip is delimited from the rest of the 
hypha by a septum. Each such ter- 
minal part of a hypha is eonsidered to be 
a gametangium. The wall separating the 
two gametangia dissolves, and the two pro- 
toplasts fuse. Karyogamy may follow im- 
mediately or may be delayed for some time. 
Usually the two gametangia involved in 
the sexual process are similar in size and 
form, but sometimes they are slightly un- 
equal, and rarely they are strongly unequal. 

The multinucleate protoplast result- 
ing from the fusion of the contents of the 
two gametangia ae a thick wall and 
goes into a ick-walled 
resting cell is called a although 
it is not strictly comparable to the zygo- 
spores of algae such as Spirogyra. Sooner 
or later many of the nuclei of the zygo- 
spore fuse in pairs, one nucleus of each 
pair presumably having been derived from 
one gametangium, and the other from 
the other. The nuclei that fail to fuse 
usually degenerate, and, in at least some 
species, most of the nuclei which result 
from fusion also degenerate without devel- 
oping further. 

The first division of the diploid nuclei 
in the zygospore commonly occurs at or 
before the time the spore germinates and 
is a reduction division. One or more of the 
nuclei formed by reduction undergo re- 
peated mitotic divisions during and/or 
aftcr the germination of the spore. On 
germination the spore usually produces a 





short hypha on which is borne a spo- 
rangium with many spores, similar to the 
ordinary asexual sporangia and spores. 
Rhizopus stolonifer (R. nigricans) 
(Fig. 16.11), the common bread mold, 
has been more thoroughly studied than 
other members of the Mucorales and may 
be taken as a typical example. Although 
it is generally saprophytic, the species is a 
rather weak faeultative parasite and will 
row, for example, on strawberry fruits. 







able conditions of moisture and tempera- 
ture, the spore germinates to produee a 
hypha which penetrates the substrate and 
produces an extensive internal mycelium. 

After usually a few days of growth 
within the substrate, the mycelium pro- 
duces some hyphae which return to the 
surface to form an aerial mycelium that is, 
of course, connected to the internal one. 


commonly borne in small dng 


ters, and the base of each cluster is con- 
nected to one or more other clusters by 
strong lateral hyphae which are called 
stolons because of their casual resemblance 
to the more complex stolons of higher 
plants (see Chapter 24). The sporangia 
(Fig. 16.13) are globose, with very numer- 
ous spores borne between the limiting 
outer wall and the central sterile columella. 
The sporangium breaks open rather irregu- 
larly, releasing the spores. The columella 
and often the remnants of the sporangial 
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wall remain attached to the sporangio- 
phore. This asexual cycle can be repeated 
indefinitely. 





. Any individual 
of the plus strain will mate with any indi- 
vidual of the minus strain, but two indi- 
viduals of the same strain will not mate 
with each other. All individuals of the spe- 
cies, as far as is known, belong to one or 
the other of the two strains. ‘The names 
applied to the two strains reflect a slight 
difference in the size and vigor of the 
types originally studied. Different individ- 
uals of both strains are now known to vary 
in size and vigor, however, and a mycelium 
can be identified as belonging to the plus 
or the minus strain only by its mating 
behavior. Among some other fungi which 
show a similar heterothallism without any 
evident morphological differentiation, any 
two strains which will mate are called plus 
and minus, and the decision as to whieh 
strain shall be called plus and which minus 
is strictly arbitrary. 

Sexual reproduction in Rhizopus pro- 
ceeds in the fashion already described for 






single functional 
iploid nucleus undergoes reduction divi- 
sion at or shortly before the time of ger- 
mination of the zygospore. All but one of 
the four nuclei formed by reduction de- 


Fig. 16.11 Rhizopus stolon- 
ifer, the common bread 
mold. A, aerial mycelium, 
with a part of the internal 
mycelium (X35); B-E, stages 
in sexual reproduction; c., 
columella; spo., sporangium; 
st., stolon; z., zygospore. (B, 
X125; C-E X85) 
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Fig. 16.12 Rhizopus stolonifer, showing stages in zygospore formation. (Courtesy CCM: 


General Biological, Inc., Chicago.) 


generate, and all the nuclei of the new 
sporangium are derived eventually by 
mitotic divisions from this single func- 
tional haploid nucleus. The spores pro- 
duced in a sporangium, being genetically 
identical, are either all plus or all minus. 
The sporangium and the spores it con- 
tains are similar in structure and function 
to the ordinary asexual spores and spo- 
rangia. 


Eumycotina: Ascomycetes 


DEFINITION 


The Ascomycetes are fungi in which 
the sexual spores (ascospores) are usually 
few and definite in number (typically 
eight) and are produced within a spo- 
rangium called an ascus. The term ascus is 
derived from the Greek word askos, mean- 
ing bladder, sac, or container, and the 
Ascomycetes are often called sac fungi. 


The Ascomycetes are mostly filamentous, 
with chitinous walls, only rarely with ap- 
preciable amounts of cellulose. The fila- 
ments are generally septate, but the seg- 
ments delimited by the septa often con- 
tain several or many nuclei, and each 
septum commonly has a central opening 
through which cytoplasm and often nuclei 
may pass. 

Many Ascomycetes reproduce asex- 
ually by conidia that are successively cut 
off from the ends of conidiophores, and 
only seldom carry on sexual reproduc- 
tion. A conidium germinates directly to 
form a new hypha and eventually a my- 
celium, instead of giving rise to zoospores 
as in some Phycomycetes. 


HISTORY 


The Ascomycetes were first recognized 
as a coherent group by the Czech mycolo- 
gist August Corda (1809-1849) in 1842, 
only 5 years after the ascus itself was de- 
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D, showing cleavage furrows start 
enlarged.) (From W. H. Brown 
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Fig. 16.13 
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fined by the French mycologist Joseph 
Henri Léveillé (1796-1870). The greatest 
contribution to our knowledge of the mor- 
phology and taxonomy of the class was 
made by two amateur French mycologists, 
the brothers Louis René Tulasne (1815- 
1885) and Charles Tulasne (1816-1884), 
in a series of papers published from 1861 to 
1865. 


SEXUAL CYCLE 


Except for some relatively simple 
forms, such as the yeasts, the sexual cycle 
(Fig. 16.14) in Ascomycetes usually con- 
forms more or less closely to the following 
pattern: 

One or several adjacent cells or multi- 
nucleate segments at the end of a hypha 
of the vegetative mycelium become differ- 
entiated as an ascogonium which is usually 
somewhat broader than an ordinary vege- 
tative hypha. Usually a slender prolonga- 
tion, called a trichogyne, grows out from 
the end of the ascogonium. The as- 
cogonium may be compared to the oögo- 
nium of some Phycomycetes, except that 
it does not contain differentiated eggs. Spe- 
clalized apical segments of the hyphae of 
the same, or usually a different, mycelium 
act as antheridia. The trichogyne grows 
to the antheridium, and the walls between 
them dissolve. The nuclei of the an- 
theridium then pass through the trichogyne 
into the body of the ascogonium, where 
they become paired with the ascogonial 
nuclei, without fusion. Sometimes the an- 
theridial hypha itself grows to the as- 
cogonium, and nuclei are transferred from 
the antheridium to the ascogonium with- 
out the intervention of a trichogyne. The 
nuclei of the ascogonium may even become 
paired without the introduction of nuclei 
from any other source. In such cases the 
trichogyne and antheridium may be 
formed but fail to function fully, or they 
may be completely lacking. 


After one or more nuclei are paired in 
the ascogonium, several filaments, called 
ascogenous hyphae, usually grow out of the 
ascogonium. The ascogenous hyphae do 
not generally absorb food from the sub- 
strate, being dependent instead on the 
vegetative mycelium. Some or all of the 
nuclei of the ascogonium move into the 
ascogenous hyphae, and usually a number 
of mitotic divisions take place, but the 
nuclei remain paired. The ascogenous 
hyphae usually branch repeatedly and 
sooner or later develop septa. The segments 
nearer the ascogonium are often multi- 
nucleate, but each terminal segment con- 
tains only a single pair of nuclei. 

Coincident with the growth of the 
ascogenous hyphae there is usually devel- 
oped a very compact mycelium originating 
directly from the vegetative mycelium, 
which comes to surround the group of 
ascogenous hyphae, and slender hyphae, 
originating from or in the same way as this 
compact mycelium, become intermingled 
with the ascogenous hyphae. This compact 
mycelium usually has a definite form and 
structure, according to the genus and spe- 
cies. Together with the included asco- 
genous hyphae and eventual asci, it is 
known as the fruiting body. The fruiting 
body of an Ascomycete may also be called 
an ascocarp. 

Usually the development of the tip of 
the ascogenous hypha, prior to the differen- 
tiation of the asci, follows a particular pat- 
tern leading to the formation of a charac- 
teristic hook or crozier (Fig. 16.15) which 
is apparently homologous with the clamp 
connections of the Basidiomycetes. The 
terminal cell curves back on itself like a 
hook, and the pair of nuclei lie in the 
bend. Both nuclei divide mitotically, so 
that four nuclei are present. Cross walls are 
then formed, leaving two nuclei (one 
daughter nucleus from each of the two 
original nuclei) in the bend, one nucleus 
in the cell at the tip of the hook, and one 
in the cell cut off at the base of the hook. 
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Fig. 16.14 Life cycle of a typical ascomycete: a., ascus; an., antheridium; asg., ascogonium, 
asp., ascospore; a.h., ascogenous hypha; c., crozier; t., trichogyne. 
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Fig. 16.15 Development of croziers and asci; a, 
young ascus. 


The binucleate cell at the bend of the 
hook enlarges to form an ascus. The uni- 
nucleate cells at the tip and base of the 
hook may or may not fuse and then elon- 
gate to form a new hook and ascus, etc. 
The two nuclei in the developing ascus 
fuse to form a diploid nucleus. The diploid 
nucleus then undergoes reduction divisio 
producing four haploid nuclei 


sometimes further mitotic di- 
visions ensue, and an extreme number of 
more than 1000 ascospores has been re- 
corded in one species. 

After the nuelei in the ascus have 
ceased to divide, the cytoplasm surround- 
ing each nucleus becomes differentiated 
from the remainder of the cytoplasm of 
the ascus, and each resulting aggregate of 
nucleus and cytoplasm develops a wall and 
becomes an ascospore. Some of the cyto- 
plasm of the maturing ascus does not be- 
come incorporated into any of the spores 
and remains for a time as epiplasm. Even- 
tually the epiplasm usually degeneratcs, al- 
though it sometimes apparently contributes 
to the formation of the outer wall layer of 
each ascospore. The inner wall layer of 
each ascosporc is secreted wholly by the 
enclosed spore protoplast. This method of 
spore differentiation, in which some of the 
cytoplasm of the ascus is excluded from 
the spores as epiplasm, is one of the most 
characteristic features of the Ascomycetes. 







TAXONOMY AND DISTRIBUTION 


in terrestrial habitats plants and fi nt) 


Only a few are aquatic, but these include 
both fresh-water and marine species. 

The form and structure of the fruiting 
body furnish some of the most useful cri- 
teria in the classification of the Ascomy- 
cetes. If the fruiting body is relatively 
amorphous, with one or more cavities in 
which asci are borne, it 1s called a stroma. 
There may also be a stroma at the base of 
the more characteristically developed part 
of the fruiting body. A fruiting body that is 
completely closed at maturity, with a 
definite, usually more or less spherical 
shape and a differentiated outer layer, is 
called a cleistothecium. A fruiting body 
which differs from a cleistothecium in 
having a narrow opening (the ostiole) is 
called a perithecium. Perithecia arc often 
flask-shaped. Sometimes individual peri- 
thecia are embedded within a larger stroma 
but still have a wall differentiated from the 
rest of the stroma. The term perithecium 
is often loosely used to include cleisto- 
thecia and formerly was also applied to the 
ascogenous cavities in the stroma of Asco- 
mycetes in which the wall of the cavity is 
not differentiated from that of the stroma. 
A fruiting body in which the layer of de- 
veloping asci is exposed nearly or quite 
from the beginning is called an apothecium. 
Many mycologists would extend this term 
to include fruiting bodies of the type found 
in the Hysteriales, which open at or 
shortly before maturity. 

Asci are often borne in a distinct 
layer, intermingled with sterile hyphae, 
covering part of the surface of the fruiting 
body. Such a layer of asci and sterile 
hyphae is called a hymenium. In apothecia 
and some perithecia, the intermingled 
sterile hyphae are free at the tip and are 
called paraphyses. In other perithecia, 
perithecitum-like cavities, and cleistothecia, 
the sterile hyphae are usually attached to 


the fruiting body at both ends and are 
called pseudoparaphyses. The paraphyses 
and pseudoparaphyses of Ascomycetes arise 
from the vegetative mycelium, as noted 
on p. 240, rather than from the ascogenous 


hy 





3 » The remainder 
of the class, in which definite fruiting 
bodies are formed, is now generally di- 
vided into two subclasses, the Euascomy- 
cetes and Loculoascomycetes, on the struc- 
ture of the asci and fruiting bodies. 

It is also customary to arrange the 
orders of Euascomycetes and Loculoasco- 
mycetes into three convenient groups, 
without implying any taxonomic status. 
Those with permanently closed fruiting 
bodies (cleistothecia and cleistothecium- 
like stromata) are called Plectomycetes; 
those with fruiting bodies that open at 
maturity (perithecia, or stromata with em- 
bedded pcrithecia or perithecium-like cavi- 
ties) are called Pyrenomycetes; and those 
with wide-open fruiting bodies (apothecia ) 
are called Discomycetes. 

It has been estimated that there are 
15,000 known species of Ascomycetes. 
Nearly all these can be placed in one or 
another of 18 orders, which differ espe- 
cially in details of structure of the ascus 
and the ascocarp. 


REPRESENTATIVE GROUPS 


YEASTS 





ne a large part of the order Saccharomyce- 





yeasts, called Bains ait divide into two 
equal cells, in much the same way as other 
unicellular plants, 


(Fig. 16.16). They make _ 
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projection or 
bud develops on a cell, the nucleus divides 
mitotically, and one of the daughter nuclei 
moves into the bud. The bud continues to 
enlarge, although the opening between it 
and the parent cell remains small. Even- 
tually the opening is closed by a double 
partition, and the two cells separate from 
each other. Under favorable conditions for 
rapid growth, the initiation of new buds 
may so far precede the maturation and 
separation of previously formed buds that 
small, branching, temporary colonies are 
formed, with constrictions marking the 
points at which the cells will later sepa- 
rate. 





which may properly be called a zygote, en- 


larges and becomes an ascus. The diploid 
nucleus undergoes meiosis, after which the 
four resulting haploid nuclei may mature 
directly into ascospores, or they may first 
divide mitotically so that eight ascospores 
are produced in the ascus. 

There are several variations on this 
general pattern. Sometimes one or more 
mitotic cell divisions intervene between 
sexual fusion and the maturation of each 
of the resulting cells into an ascus. In some 
eases the ascospores themselves fuse in 
pairs within the ascus, so that the ordinary 
vegetative cells are diploid. Any such 
diploid vegetative ccll may, under proper 
conditions, develop into an ascus with 
ascospores which again fuse within the 
ascus to produce diploid cells. 

There are a number of fungi which are 
similar to ordinary ycasts except in the ab- 
sence of the sexual cycle. Although tech- 
nically referable to the Fungi Imperfecti 
rather than to the Ascomycetes, these or- 
ganisms are usually classified with the 
yeasts because of their evident relationship. 
Yeasts may thus be divided into two con- 
venient groups, the sporogenous yeasts, 
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Fig. 16.16 Yeast. Left, baker’s yeast, Saccharomyces cerevisiae; b., bud. (X2000.) Right, 
ascus and ascospores of Schizosaccharomyces octosporus. (Courtesy CCM; General Bio- 


logical, Inc., Chicago.) 


which have the sexual cycle and produce 
ascospores as well as reproducing vegeta- 
tively, and the asporogenous yeasts, which 
lack the sexual cycle and reproduce only 
vegetatively. Some sporogenous yeasts have 
been known to give rise to asporogenous 
strains by mutation. There are also a few 
yeast-like imperfect fungi which may be 
related to the Basidiomycetes. 

Yeasts are economically important 
chiefly because of the fermentation which 
many of them carry on, releasing alcohol 
and carbon dioxide as end products. The 
equation for alcoholic fermentation of glu- 
cose is CgH120¢, —— 2 C2H;OH + 2 CO, 
+ energy. Only a relatively small propor- 
tion of the energy bound up in glucose is 
released in this process, and many kinds of 
organisms (including man) can use al- 
cohol as a source of respiratory energy. 
Although there are a number of other or- 
ganisms which, at least sometimes, carry 
on alcoholic fermentation, the econom- 
ically important alcoholic fermentations 
are carried on almost exclusively by yeasts. 

The common cultivated yeast, Sac- 
charomyces cerevisiae, exists in a number 
of races which vary in physiological charac- 
teristics. The baker's yeasts are strains of S. 
cerevisiae in which further growth is in- 
hibited when alcohol reache oncentra- 
ton ot 4 








The common 
brewer’s yeasts are strains of S. cerevisiae 
in which growth continues until the alco- 
hol reaches a concentration of 14-17 per- 
cent. Higher concentrations of alcohol are 
obtained only by distillation. Other species 
of Saccharomyces and related genera are 
used in the brewing of such beverages as 
sake, ginger beer, Jamaica rum, pulque, 
and some kinds of wine. 


Powpery MiLprews 





ysiphales. They parasitize the leaves and 
to a lesser extent other aerial organs of 
flowering plants. Usually the mycelium is 
largely external, with numerous haustoria 
that penetrate chiefly t 


cells of the host. 

















. Some spccies are homothallic, 
others heterothallic. 


. Often the cleistothecium has 
some simple or branched hyphal appen- 
dages which may be longer than the di- 
ameter of the body of the cleistothecium 
(Fig. 16.17). The function of these ap- 
pendages is dubious, but their structure 
furnishes a useful taxonomic character. 
The cleistothecium contains from 5 to 30 
asci which arise in one or more tufts from 
the base. 

Erysiphe cichoriacearum has a very 
wide host range, and conidia from a single 
mycelium may infect many different hosts 
belonging to families of flowering plants 
that are not closely related. Erysiphe gram- 
inis, the powdery mildew of grasses, con- 
sists, on the other hand, of many morpho- 
logically indistinguishable races which are 
restricted to particular species groups, gen- 
era, or groups of genera of grasses. Powdery 
mildews damage small grains wherever 
these are grown throughout the world, but 
they are relatively unimportant as com- 
pared to the smuts and rusts. The culti- 
vated European specics of gooseberry are 
highly susceptible to a powdery mildew 
which is native to North America but 
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causes only negligible damage to the North 
American species, and the common culti- 
vated European grape is likewise suscep- 
tible to another powdery mildew to which 
the North American species are habitu- 
ated. 


ERGOT 


Ergot is a disease of rye, barley, wheat, 
and other grasses, caused by several species 
of Claviceps, especially C. purpurea. The 
genus belongs to the order Sphacriales. 
The fungus attacks the inflorescence of the 
grass, particularly the developing ovaries, 
which would otherwise mature into the 
grains. The mycelium is relatively com- 
pact and dense, and develops largely within 
the ovary, eventually filling and destroying 
it. Conidia are produced on very numerous 
short conidiophores. The conidia are dis- 
tributed both by wind and by insects, 
which are attracted by a copious sweetish 
exudate produced by the fungus. 

The developing mycelium maintains 
the same general form as the unaffected 
grains and eventually becomes ayeonspi 





plies to any very dense, more or less paren- 
ehymatous body of modified mycelium, 


Fig. 16.17 Cleistothecia of 
powdery mildews; A., asco- 
spore. Left, in section. (X 
300.) Others, external. (*85.) 
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Fig. 16.18 Ergot on crested wheat grass. (Cour- 
tesy of G. W. Fischer, Department of Plant Path- 
ology, Washington State University.) 


other than a true fruiting body. Sclerotia 
are usually resting bodies with a good sup- 
ply of stored food, as is true of the scle- 
rotia of Claviceps. 

After overwintering, the ergot sends 
out a number of fruiting bodies (Fig. 
16.19), each consisting of a stalk up to 1 
inch long and an enlarged, spherical, stro- 
matic head. The slender perithecia are em- 
bedded in the stromatic head (Fig. 16.20), 
only the ostioles reaching the surface. 
Paraphyses are intermingled with the asci. 
Fight elongate, slender ascospores are 
borne in each ascus. The ascospores are 
distributed by the wind, and infection of 
the host takes place only at flowering time. 

Ergot contains a powerful alkaloid 
which has several physiological effects, 
notably the constriction of the capillaries. 
It also causes uterine contractions and is 
used medically as an abortifacient and as 





Fig. 16.19 Ergot, showing fruiting bodies on the 
sclerotium. (X4.) (Courtesy of the Department of 
Plant Pathology, Cornell University.) 


an aid in childbirth. Poisoning from ergot 
has evidently occurred in years of heavy 
infestation ever since grain first began to 
be ground into flour. Heavily ergotized 
grain is not now usually milled, but a se- 
vere local outbreak of acute ergotism oc- 
curred in France as recently as 1952. 
Chronic ergotism, due to the cumulative 
effect of ingesting small amounts of ergot 
over a period of time, results in a dry rot 
and eventual loss of extremities, such as 
fingers and toes, because of insufficient 
circulation. Acute ergotism causes violent 
hallucinations, especially of fire, as well as 
spasms and other nervous disturbances, 
and is often fatal. 

The order Sphaeriales, to which ergot 
belongs, includes many other fungi which 
cause serious plant diseases. Among these 
diseases is chestnut blight, caused by En- 
dothia parasitica, which was introduced 
from the Orient about 1904 and has al- 
most exterminated the American chestnut. 


NEUROSPORA 


Neurospora is a saprophytic mold be- 
longing to the order Sphaeriales. It char- 
acteristically produces numerous pink or 
Orange conidia and is sometimes called 
pink bread mold. The perithecia are oval 
or pear-shaped, and .0]-.02 inch thick. In 
the early 1930’s the American mycologist 
Bernard O. Dodge (1872-1960) pointed 





out the usefulness of Neurospora as a tool 
for basic genetieal studies, and many stu- 
dents have followed his lead. Neurospora 
is easily cultured and reproduces rapidly. 
The vegetative mycelium is haploid, as in 
other Ascomycetes. It produces four, or 
more often eight, ascospores in each ascus, 
according to the specics, and these are ar- 
ranged in a row. One of the great advan- 
tages of using an Ascomycete for genetic 
study is that nuclear fusion and reduction 
division occur within the ascus, leading to 
the formation of a limited number of 
spores which utilize all the nuclei formed 
in meiosis. By careful micromanipulation 
each one of these spores can be individually 
removed from the ascus and separately 
cultured. Such precision is obviously im- 
possible in dealing with diploid organisms 
such as the higher plants and animals, in 
which for a number of reasons the nuclei 
produced in a single meiosis cannot be 
followed through to maturity. The use of 
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Fig. 16.20 Ergot, long sec- 
tion through fruiting body, 
showing perithecia. (Cour- 
tesy of the Department of 
Plant Pathology, Cornell Uni- 
versity.) 


Neurospora in genetic experiments is fur- 


ther discussed in Chapter 36. 


PEZIZALES 


The Pezizales are a group of chiefly 
saprophytic Ascomycetes in which the 
fruiting body is an apothccium and the 
ascus opens by a distinct lid (the opercu- 
lum). In Peziza (Fig. 16.21) and some 
other genera the apothecium is cup-shaped, 
often with a short basal stalk, and the hy- 
menium lines the inner surface of the cup. 
The hymemium (Fig. 16.22) consists of 
very numerous cylindric to slightly club- 
shaped asci, intermingled with paraphyses. 
Each ascus contains eight ascospores in a 
single row. The remainder of the fruiting 
body is soft and rather parenchymatous. 
The ascocarp in Peziza ranges from about 
2 cm to as much as 30-40 cm across. Some 
rclated genera have smaller, but otherwise 
rather similar, fruiting bodies. In Mor- 
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chella (Fig. 16.23), the common morcl, 
the fruiting body is commonly about 10 
cm long, with a thick stalk andsa very 
deeply and _ characteristically wrinkled 
cap; the hymenium forms the surface 
layer of the cap. Morels are considered 
great delicacies by mycophagous gour- 
mets. 





Fig. 16.21 Peziza ascocarps. 
(Courtesy of the Department 
of Plant Pathology, Cornell 
University.) 


Fig. 16.22 Peziza. A bit of 
the hymenium, spread out to 
show asci and paraphyses. 
(Much enlarged.) (Courtesy 
of the Department of Plant 
Pathology, Cornell Univer- 


sity.) 


The process by which nuclei are trans- 
ferrcd from one hypha to another varies 
widely among different members of the 


Pezizales. Some species follow the stand- 
ard ascomycetous pattern, with the nuclei 
passing from the antheridium to the odgo- 
nium (ascogonium) through a trichogyne, 
but there are all gradations from this con- 





dition to one in which nuclei are trans- 
ferred from one hypha of ordinary appear- 
ance to another. 


TUBERALES 


The fruiting body of the Tuberales is 
a shallowy subterranean modified apothe- 
cium up to several centimeters across. ‘The 
hymenium is completely covered by a more 
or less parenchymatous tissue formed by 
compaction and elaboration of the ends of 
the paraphyses, and often the hymenium 
itself is so much convoluted and modified 
as to lose its identity as a continuous layer. 
The Tuberales are evidently derived from 
the more usual types of Discomycetes, and 
a series of connecting forms exists. The 
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Fig. 16.23 Morel (Mor- 
chella) fruiting bodies. 
(Slightly less than natural 
size.) (Courtesy of the De- 
partment of Plaht Pathology, 
Cornell University.) 


cytological details of the life cyele have 
not been worked out. Some species of the 
genus Tuber, occurring in rather open for- 
ests (especially oak woods) of southern 
Europe, are known as truffles (Fig. 16.24) 
and are frequently eaten. Truffles are com- 
monly gathered with the aid of pigs or 
dogs which have been trained to seek them 
out by the odor. 


W oop-ROTTING ASCOMYCETES 


Many Ascomycetes, especially mem- 
bers of the family Xylariaceae (Fig. 16.25) 
of the order Sphaeriales, share with some 
Basidiomycetes the ability to use wood as 
a source of food. The fruiting body of the 
Xylariaceae is usually small (seldom much 


Fig. 16.24 Truffles (Tuber 
nitidum). (About natural 
size.) (Courtesy of the De- 
partment of Plant Pathology, 
Cornell University.) 
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Fig. 16.25 Xylaria polymorpha, a wood-rotting 
ascomycete; fruiting bodies. (x1/2.) (Courtesy of 
the Department of Plant Pathology, Cornell Uni- 
versity.) 


over an inch wide), often bright red or 
black, and consists of a stroma with nu- 
merous embedded perithecia. Prior to the 
production of perithecia, the young stroma 
is covered with a layer of conidiophores 
which bear conidia. Details of the sexual 
cycle mostly remain to be worked out. 


LICHENS 


Many Ascomycetes and a few Basidio- 
mycetes are commonly found in symbiotic 
association with one or another species of 
green or blue-green algae. Such fungus- 
alga combinations are known as lichens. 
Trebouxia is an alga very often found in 
lichens. Trebouxia is vegetatively rather 
similar to Pleurococcus and has often been 
confused with it. The algae that occur in 
lichens usually also occur alone, but nearly 
all the lichen fungi are apparently re- 
stricted to their lichen occurrence. For this 





reason, and because the form and structure 
of the lichen thallus are governed largely 
by the fungus rather than the alga, the 
rules of nomenclature provide that the 
name of a lichen is that of its fungal com- 
ponent. 

Until about a century ago the lichens 
were generally regarded as a separate major 
group of plants. Their dual nature as a 
fungus-alga combination was pointed out 
in 1868 by De Bary, but his views were not 
at once universally accepted. After a long 
period of controversy, the view that a 
lichen consists of a fungus and an alga in 
intimate association was confirmed in 1910 
by the work of the Russian botanist Afana- 
sii Nikolaevich Danilov (1879-1942). 

Lichens have been regarded since 
Danilov’s time as a standard aang of 
true Si ue in pay th I 


Some lichens grow in dry places where 
algae alone could not survive, but some 
others occur side by side with the algal 
component, such as Trebouxia. Experimen- 
tal work suggests that some lichen fungi 
produce substances which stimulate or are 
necessary to the growth of the included 
algae. It is evident that in an evolutionary 
sense lichens originated through helotism, 
or enslavement of the algal component by 
the fungus, but in at least some lichens the 
association has developed into true, mu- 
tualistic symbiosis. The student of history 
may see some parallels between the history 
of slavery in some human societies and the 
probable evolutionary history of lichens. 
Lichens commonly form thin thalli 
up to several inches or even several feet 
long or across. A section through a typical 
lichen thallus shows a peripheral layer of 
compact mycelium, and an internal region 
of more'scattered hyphae among which are 
interspersed cells, filaments, or cell colo- 
nies of an alga. Some hyphae of the fungus 






generally also penetrate the substrate as 
thizoids, serving as an anchor and in the 
absorption of minerals. The fungus some- 
times produces haustoria which penetrate 
and eventually kill some of the enslaved 
algal cells, but more often a hyphal branch 
tip merely becomes closely appressed to 
the algal cell, without entering it. Doubt- 
less, in at least some cases, included algal 
cells which have died are digested and used 
by the fungus. 

It is convenient and customary to di- 
vide lichens into three groups according 
to the external appearance of the thallus, 
although there is no sharp distinction be- 
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tween these groups, and this classification 
bears no relation to the taxonomic posi- 
tion of the fungi and algae involved. Lich- 
ens which form a crust closely appressed to 
the substrate are called crustose lichens 
(Fig. 16.26); lichens with a more leaf-like 
thallus, usually attached to the substrate 
by a relatively smaller portion, are called 
foliose lichens; and lichens which are more 
or less bushy-branched are called fruticose 
lichens. A cross section of a foliose lichen 
usually shows a single laycr or zone of al- 
gae near the upper surface of the thallus; 
a similar section through a fruticose lichen 
shows the alga-bearing portion as a com- 





Fig. 16.26 Crustose lichens on a tree trunk. (About natural size.) (Photo by W. H. Hodge.) 
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plete ring between the wholly fungal core 
and the wholly fungal periphery of the 
thallus. 

Crustose lichens often occur on bare 
rocks and are also found as epiphytes on 
tree trunks and elsewhere. Foliose and 
fruticose lichens do not occur in such dry 
habitats as do many of the crustose lichens. 
The importance of lichens as pioneers on 
bare rock surfaces is discussed in Chapter 
39. Trees in dense forests, especially of the 
Pacific states, often have epiphytic, slen- 
derly branched, fruticose lichens up to 
several feet long hanging from their 
branches. These belong to the genera Us- 
nea (Fig. 16.28) and Alectoria and are 
called old-man’s-beard lichens; they have 


also been confused with Spanish moss, a 
superficially similar, highly modified flower- 
ing plant of the southeastern United States. 
Usnea and Alectoria have no rhizoids and 


are wholly dependent on rain and wind for 
raw materials. 


Several lichens have some direct eco- 
nomic importance. Reindeer moss, an im- 
portant forage plant in arctic regions, is a 
fruticose lichen (Cladonia, Fig. 16.28) 
rather than a true moss. A product ob- 
tained from European species of Evernia, 
a fruticose lichen commonly known as oak 
moss, is widely used as a stabilizer in per- 
fumes. Rocella, another lichen, is the tra- 
ditional source of litmus, a chemical which 
is red in acid solution and blue in alkaline 
solution. 

The alga of a lichen usually repro- 
duces solely by cell division, regardless of 
whether the alga has any other means of 
reproduction in the free state. The fungus 
carries on the normal sexual cycle, leading 
to the formation of fruiting bodies (Fig. 
16.27) and spores. Many lichens produce 





Fig. 16.27 Ascocarp of a lichen (Physcia) in long section. (Enlarged.) (Courtesy CCM: 
General Biological, Inc., Chicago.) 
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Fig. 16.28 Fruticose lichens. Left, Cladonia verticillata, fruiting; right, a species of Usnea 
growing draped on a salmonberry in western Washington. (Cladonia photo courtesy of H. 


H. Holliger.) 


conidia as well as sexual spores. Some 
lichenologists believe that the conidia of 
lichens are really sex cells, comparable to 
the spermatia of rusts, but this has not 
been satisfactorily demonstrated. The asco- 
lichens constitute several different orders. 
The basidiolichens consist of only a few 
species belonging to the order Agaricales, 
a large order of Basidiomycetes. 

It is generally assumed that new li- 
chen thalli are formed by capture of algal 
cells by the young mycelium which devel- 
ops from a fungus spore, and it has been 
experimentally demonstrated that when 
artificially separated the two components 
can at least sometimes reassemble to form 
a normal lichen. Stages in the actual cap- 
ture of an alga by a fungus to form a lichen 
have seldom, if ever, been observed in 
nature, however, exccpt for a few species 
in which the algal colony is not wholly en- 
closed by the fungus. 


Ld 


Many lichens reproduce asexually as 
lichens (rather than as separated fungi 
and algae) by means of soredia. A soredium 
is a specialized small fragment of the li- 
chen thallus, with a peripheral layer of 
mycelium enclosing a few cells of the alga. 
The soredium originates internally, grows 
out through the surface of the thallus, and 
becomes detached as a little ball which 
may be carried about by the wind or other- 
wise. On becoming lodged under favorable 
conditions, the soredium sends out rhi- 
zoids and develops directly into a new li- 
chen thallus. 

Lichens commonly become dormant 
during periods of drought and return to 
vegetative activity under proper conditions 
of temperature and moisture. The crustose 
lichens of bare rocks in dry regions exploit 
habitats in which neither the fungus nor 
the alga can grow alone. Although these 
lichens form spores, just as do other li- 
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chens, their actual reproduction probably 
occurs almost wholly by soredia. 


Eumycotina: Basidiomycetes 


DEFINITION AND VEGETATIVE 
CHARACTERS 


The Basidiomycetes are fungi in which 
the sexual spores (basidiospores) are char- 
acteristically borne externally on a struc- 
ture known as a basidium. Each basidium 
bears a small and usually definite number 
(typically four) of basidiospores, but some- 
times additional basidiospores are formed 
after the first set has been released. ‘The 
basidium is often more or less club-shaped, 
and the Basidiomycetes have frequently 
been called club fungi. In a few Basidio- 
mycetes (notably some of the smuts), the 
basidium fails to produce basidiospores and 
germinates more or less directly, concomi- 
tant with meiosis, to form a new mycelium. 
Basidiomycetes, like Ascomycetes, are gen- 
erally filamentous, with chitinous walls and 
with septa that have a central opening. 

In addition to the manner in which 
the spores are borne, most Basidiomycetes 
differ from most Ascomycetes in develop- 
ing an extensive vegetative mycelium with 
paired nuclei after nuclear transfer has 
taken place. Generally each segment of the 





hypha, as delimited by successive septa, 
has two nuclei, just as does the ultimate 
segment of an ascogenous hypha. One of 
these two nuclei is derived ultimately 
from one of the two hyphae or mycelia 
that were involved in the nuclear transfer, 
and the other from the other. The mycel- 
ium is thus physiologically diploid, al- 
though the individual nuclei are haploid. 
Such a mycelium, with two haploid nuclei 
of different origin in each segment or 
“cell,” is said to be dikaryotic. A mycelium 
with uninucleate segments, or with multi- 
nucleate segments in which the nuclei are 
not associated in pairs, is said to be mono- 
karyotic. 

Hyphae of a large proportion of the 
Basidiomycetes are marked by clamp con- 
nections (Fig. 16.29) which bypass the 
septa. Usually there is only one clamp con- 
nection for each septum, but sometimes 
there are several. The clamp connection is 
evidently homologous with the crozier of 
Ascomycetes. 

The usual function of the clamp con- 
nection is to permit the proper distribution 
of nuclei so that the dikaryotic condition 
can be maintained when mitosis and the 
formation of a septum occur. Growth of 
the hyphae of a dikaryotic mycelium is 
largely apical. The nuclei are commonly 
so large, as compared to the diameter of 
the hypha, that they do not readily slip 
by each other. Nuclear division is typically 


Fig. 16.29 Development of 
a clamp connection. 


preceded by the formation of a recurved 
pocket or bulge in the wall of the terminal 
segment of the hypha. One of the two 
nuclei in this segment is anterior to the 
pocket, the other posterior. The two nuclei 
approach each other, and the one which 
had been upper or anterior takes a position 
about at the mouth of the pocket. Both 
nuclei then divide mitotically, and one of 
the daughter nuclei from the anterior nu- 
cleus is formed in, or migrates into, the 
pocket. The hyphal tip, exclusive of the 
pocket, now contains three nuclei in a 
more or less linear arrangement, the two 
lower ones being the daughter nuclei of 
the original lower nucleus. Two partitions 
are now formed. One delimits the pocket, 
with its single included nucleus, from the 
main body of the hypha; the other 1s 
formed in the main hypha just below the 
pocket, between the two daughter nuclei 
of the original lower nucleus. At this stage 
the terminal segment of the hypha is di- 
karyotic, with two nuclei, whereas the seg- 
ment just beneath it (the penultimate seg- 
ment) has only one nucleus. The tip of 
the pocket by this time, or shortly there- 
after, comes into contact with the penulti- 
mate hyphal segment, and the walls be- 
tween them dissolve. The nucleus from the 
pocket migrates into the penultimate hy- 
phal segment, restoring this segment to the 
dikaryotic condition. The structure which 
began its development as a simple pocket 
or bulge has now become a clamp connec- 
tion bypassing the newly formed septum. 
Both the septum in the main hypha and 
the septum delimiting the clamp connec- 
tion from the apical segment are incom- 
plete, with a central perforation through 
which the cytoplasm and sometimes the 
nuclei can pass. 

Basidiomycetes in which the hyphae 
are relatively broad, as compared to the 
size of the nucleus, often lack clamp con- 
nections. In these forms there is enough 
room in the hypha so that the two dividing 
nuclei may lie side by side, the spindles be- 


DIVISION FUNGI 255 


ing oriented with the hyphal axis. After 
mitosis has occurred, a septum is laid 
down between the two sets of daughter 
nuclei, and the dikaryotic condition is 
maintained. The existence of clamp con- 
nections in some Basidiomycetes with hy- 
phae much broader than the nuclei is gen- 
erally interpreted as the retention of an 
ancestral character which has lost its func- 
tional necessity. 

Like the Ascomycetes, the Basidio- 
mycetes often produce conidia. Conidia 
formed on monokaryotic mycelia are uni- 
nucleate. Conidia formed on dikaryotic 
mycelia are sometimes binucleate and di- 
karyotic, and sometimes uninucleate. Uni- 
nucleate conidia give rise to monokaryotic 
mycelia. Some Basidiomycetes, especially 
the rusts, produce more than one type of 
conidium, and these are often given dis- 
tinctive names. 


HISTORY 

The basidium was discovered by Lé- 
veillé in 1837, and the group we now eall 
the subclass Homobasidiomycetes was rec- 
ognized as a natural taxon in 1842 by 
Corda. The existence of the smuts and 
rusts (the major part of the present sub- 
class Heterobasidiomycetes) as a natural 
group was recognized as early as 1821 by 
Fries. The basidium of the smuts and 
rusts is somewhat different from that of 
the Homobasidiomycetes, however, and it 
was not until 1887 that all these organisms 
were brought together as a major group of 
fungi by Narcisse Patouillard (1854-1926), 
French pharmacist and mycologist. 


SEXUAL CYCLE 


Like the Ascomycetes, the Basidiomy- 
cetes have a variety of ways in which the 
nuclei may become paired, but usually 
follow a more stable pattern in the forma- 
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tion of sexual spores after nuelear fusion. 


The myeelium produced from a basidio- 
spore or from a uninueleate eonidium is 
usually monokaryotic with uniuncleate 
segments, In homothallie speeies pairing of 
nuele1 may take place entirely within a 
single mycelium, but in heterothallie spe- 
cies the pairing must involve two different 
strains. Some heterothallie Basidiomyeetes 
have only two differentiated mating 
strains, aS in many Phycomycetes and 
Ascomyeetes, but others have several or 
many such strains, each of which ean mate 
with several others. The mechanism pre- 
venting selfing in these latter forms has 
been compared to an ineompatibility mech- 
anism in flowering plants; some mycolo- 
gists object to the use of the term hetero- 
thallism for this condition. 

A common method of nuclear transfer 
is for two ordinary monokaryotic hyphae to 
come into contact, after which the walls 
between them dissolve and the nueleus 
from one of the cells passes into the other 
cell. A dikaryotic mycelium may then be 
derived directly and solely by growth from 
this eell, or the existing mycelium may be 
converted to the dikaryotic condition by 
migration and mitotie divisions of the 
proper nuclei. Sometimes two uninucleate 
conidia, or two basidiospores, fuse to pro- 
duce an initial dikaryotic cell from which 
the dikaryotic mycelium is derived. 

Many Basidiomycetes produce more 
or less speeialized conidia, variously called 
pycniospores, spermatia, or oidia, which, 
after transfer to a hypha of another strain, 
donate the single conidial nucleus to a 
cell of the reeeptor mycelium, thus initiat- 
ing the dikaryotic stage. In at least some 
cases, these sex cells can also function as 
ordinary conidia, according to the cir- 
cumstances. Oidia and spermatia’ (pyc- 
nlospores) are often surrounded by or 
associated with a nectar that attraets in- 
sects, and the insects serve as unwitting 
agents of dissemination. Basidiomycetes 
which produce oidia or spermatia may also 


in many cases exchange nuclei directly be- 
tween hyphae of different mycelia, as in 
other members of the class. 

The fruiting body (basidioearp) of a 
Basidiomycete is entirely a product of the 
dikaryotic myeelium. The basidia may or 
may not be borne in a definite hymenium, 
and the paraphyses sometimes found inter- 
mingled with the normal basidia arc usu- 
ally suppressed basidia rather than being 
homologous with the paraphyses of the 
Ascomycetes. Some Basidiomycetes pro- 
duce basidia without the formation of a 
definite fruiting body. 

Nuclear fusion occurs in the young 
basidium, which at this stage may be called 
the probasidium. In the subclass Hetero- 
basidiomycetes the probasidium is com- 
monly a spore which often has thick walls 
and goes through a resting period before 
developing into a mature basidium. Such 
spores are called teliospores. Teliospores 
sometimes consist of two or more cells, 
each cell representing a probasidium. The 
mature basidium of teliosporie Basidiomy- 
cetes generally consists of the hypobasid- 
lum, representing the remains of the 
teliospore cell, and the epibasidium, the 
structure produced by germination of a 
teliospore cell. In the Homobasidiomy- 
cetes development of the probdsidium 
generally continues without interruption 
until the basidiospores are produced. 

Meiosis generally occurs in the en- 
larging basidium. After meiosis there may 
or may not be a formation of septa which 
divide the basidium into uninucleate seg- 
ments. Typically the mature basidium of 
the Heterobasidiomycetes is septate, 
whereas that of the Homobasidiomycetes 
lacks septa. The basidiospores originate as 
projections from the basidium in a man- 
ner that has been roughly compared to 
budding in yeasts. Typically the four nu- 
clei produced in meiosis move out into the 
four basidiospores, leaving the body of the 
Dasidium without nuclei. Sometimes two 
nuelei degenerate and only two basidio- 


spores are formed. Often the original 
nucleus of the developing basidiospore di- 
vides mitotically, so that the mature ba- 
sidiospore is binucleate. The smuts (order 
Ustilaginales of the Heterobasidiomycetes ) 
differ from other Basidiomycetes, among 
other respects, in that (1) the four nuclei 
produced in reduction division commonly 
undergo one or more mitotic divisions while 
still in the basidium, and (2) a single ba- 
sidium often produces successive crops of 
four basidiospores. 

Basidiospores are sometimes sessile 
(without a stalk) on the basidium, but 
often they are borne on specialized, api- 
cally very slender stalks called sterigmata 
(singular, sterigma). Basidiospores are very 
often discharged into the air, where they 
may float for long distances before settling 
down and germinating. In other cases they 
gcrminate more or less in place, and wind 
distribution is effective only for other typcs 
of spores. 

A basidiospore typically germinates 
directly to produce a new monokaryotic 
mycelium, which eventually becomes a 
dikaryotic mycelium, as previously de- 
scribed. Among many Heterobasidiomy- 
cetes, however, a basidiospore often gives 
rise instead to a single conidium, which 
may be borne on a stalk resembling the 
stcrigmata of the basidium. This is known 
as germination by repetition. A conidium 
formed by repetition may germinate di- 
rectly to form a new mycelium or may give 
rise to another, smallcr conidium by repe- 
tition, etc. Many mycologists call the ba- 
sidiospores of Heterobasidiomycetes spo- 
ridia and apply this same term to the 
conidia which they produce by repetition. 


DISTRIBUTION AND TAXONOMY 


Basidiomycetes occur as saprophytes 
and parasites (chiefly of vascular plants) 
in terrestrial habitats throughout the 
world. There are very few, if any, aquatic 
forms. 
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The structure of the basidium and of 
the fruiting body are among the most im- 
portant characters by which the orders of 
Basidiomycetes are distinguished. Among 
the Homobasidiomycetes, the orders with 
a closed fruiting body and without a defi- 
nite hymenium at maturity are often col- 
lectively called the Gasteromycetes, as 
opposed to the Hymenomycetes, which 
have definite hymenial layers more or less 
exposed to the air. The part of a gastero- 
mycetous fruiting body in which the ba- 
sidia are borne is called the gleba, and this 
term is also applied to the ascus-bearing 
part of the closed fruiting body of the 
Tuberales (Ascomycetes). The outer layer 
of a gasteromycetous fruiting body, sur- 
rounding the gleba, is called the peridium. 
The Gasteromycetes are now considered 
to be merely a group of convenience, with- 
out formal taxonomic status, which prob- 
ably relate to the Hymenomycetes at sev- 
eral different points. The Hymenomycetes, 
as now restricted, form the single large, 
natural order Agaricales, which is some- 
times divided into two or more orders. 
Originally the term Hymenomycetes was 
applied to hymenial Ascomycetes as well 
as Basidiomycetes. 

It has been estimated that there are 
about 15,000 known species of Basidio- 
mycetes. These may be conservatively 
grouped into ten orders, based principally 
on the structure of the basidium and 
basidiocarp. 


REPRESENTATIVE GROUPS 


Rusts 


The rusts (other than the white rusts 
discussed on p. 235) constitute the order 
Uredinales, a large group of obligate para- 
sites. Individual species of rusts may have 
a very wide or a very limited range of hosts. 
Some rusts can complete their life cycle 
on a single kind of host, but others re- 
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quire two often quite different kinds of 
host to complete the full sexual cycle. The 
former group are said to be autoeeious, the 
latter heteroecious. The full life cycle of a 
typical rust (Fig. 16.30) is as follows: 

The basidiospores are carricd about by 
the wind. Any basidiospore which lands on 
a susceptible host germinates and develops 
a monokaryotic mycelium within the tis- 
sues of the host. After a time the mycelium 
produces a number of specialized conidio- 
phores in pockets which open to the sur- 
face of the host. Each such pocket is called 
a spermogonium and has also been called 
a pycnium. Each conidiophore in the 
spermogonium cuts off a series of special- 





ized uninucleate conidia, which are by dif- 
ferent botanists called spermatia or pycnio- 
spores. A sugary slime of fragrant nectar is 
secreted in the spermogonium and serves 
to attract insects. The spermatia tend to 
stick to the visiting insects and are carried 
about by them. 

The mycelium may or may not pro- 
duce special receptive hyphae, more or less 
comparable to the trichogyne of some asco- 
mycetes. Often these rcceptive hyphae ex- 
tend out through thc opening of the 
spermogonium. Usually there are two mat- 
ing strains in each species, comparable to 
the plus and minus strains of Rhizopus, 
but each strain produces both spermatia 
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Fig. 16.30 Life cycle of 
wheat rust (Puccinia gram- 
inis); as., aeciospore; D 
basidium; bs., basidiospore; 
c.c., cluster cups; d.m., 
dikaryotic mycelium; ila 
receptive hyphae; s., sperm- 
atium; ts., teliosorus; tsp., 
teliospore; us., uredosorus. 


and receptive hyphae. On coming into 
contact with a hypha of the opposite strain, 
a spermatium unites with the hypha to 
form an initial dikaryotic cell. The dikary- 
otic stage may also be initiated by direct 
fusion of two hyphae from different my- 
celia, if these come together, or by fusion 
of two spermatia of opposite type. The 
spermatia are thus a means of increasing 
the likelihood of contact between the plus 
and minus strains. A spermatium which 
fails to come into contact with a hypha 
Or spermatium of opposite type may germi- 
nate to produce a new monokaryotic my- 
celium. 

As used in the red algae and as tech- 
nically defined, the term spermatium de- 
notes a nonmotile male gamete. It has 
been pointed out that the spermatia of 
rusts are not truly comparable to male 
gametes, inasmuch as two spermatia of 
opposite sign may unite. Many botanists, 
therefore, prefer the terms pycnium and 
pycniospore to spermogonium and sperma- 
tium. Objection might also be raised to 
calling rust spermatia spores, however, 
since their usual function is more nearly 
gametic. The diversity among living or- 
ganisms is too great to permit precise and 
casy definition of many descriptive terms, 
and the concepts developed for one group 
may be difficult or impossible to apply in 
another. Except for being produced in defi- 
nite cavities, the spermatia of rusts appcar 
to be essentially similar to the bodies 
which in the Homobasidiomycetes are 
called oidia. 

The initial dikaryotic cell gives rise di- 
rectly or indirectly to a dikaryotic myce- 
lium, and within a few days numerous 
small, characteristically cup-like structures, 
called aecia, are formed. The wall of the 
aecium contains both monokaryotic and 
dikaryotic hyphae. Each aecium contains a 
number of conidiophores which cut off 
successive specialized conidia, called aecio- 
spores. The aeciospores are binucleate and 
dikaryotic. They are carried about by the 
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wind, and only those which land on the 
proper host survive and produce an infec- 
tion. Aeciospores of autoecious rusts infect 
the same general kind of host on which 
they were produced (within the limits of 
the host range of the rust), but aeciospores 
of heteroecious rusts can survive only on a 
particular different kind or group of related 
kinds of host. 

Typically the hypha produced by a 
germinating aeciospore enters the host 
through one of the stomates (see Chapter 
26) on a lcaf or stem, but sometimes the 
new hypha dissolves its way into the host 
instead. The dikaryotic mycelium produced 
in the new host from the aeciospore is sel- 
dom as extensive as the monokaryotic my- 
celium produced from a basidiospore. Usu- 
ally two different kinds of spores are pro- 
duced, at different times, from this di- 
karyotic mycelium. Short hyphae arise from 
a usually rather small, somewhat paren- 
chymatous, mycelial mass just beneath the 
epidermis of the host. These hyphae rup- 
ture the epidermis and become visible as 
a definite sorus on which uredospores are 
borne. Each hypha of the sorus is two- 
celled. The terminal cell matures as a 
uredospore; the basal one elongates as a 
stalk. Uredospores are binucleate, dikary- 
otic, and usually yellow to orange-red. ‘They 
are released into the air and infect only the 
same general kind of host as that on which 
they are produced. The uredospores of any 


particular rust have the same host range 
(one or more related species) as the aecio- 
spores. 

The mycelium produced from a germi- 
nating uredospore is essentially similar to 
that. produced by a germinating aeciospore, 
and under proper conditions the uredospore 
stage may be repeated several times or 
even indefinitely. Sooner or later, however, 
the dikaryotic mycelium formed from a 
uredospore or aeciospore usually gives rise 
to another kind of spore, the teliospore. A 
uredosorus (on which uredospores are 
borne) may be transformed into a telio- 
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sorus (on which teliospores are borne), 
with both types of spore present during the 
transitional time, or new teliosori may be 
formed. Teliospores may be unicellular or 
composed of more than one cell. Some- 
times they are borne on a stalk, like uredo- 
spores, sometimes not. They are usually 
thick-walled and often black. The telio- 
spore often lies dormant for some time 
(frequently over a winter) before germinat- 
ing. Each cell of a teliospore gives rise to 
a septate epibasidium on which the four 
basidiospores are borne. The nuclear phe- 
nomena associated with the development 
of the epibasidia have been discussed on 
pp. 256-257. 

Some rusts complete their life cycle 
without going through all the stages just de- 
scribed. Any or all types of spores, except ba- 
sidiospores and teliospores, may be omitted, 
and in some cases the teliospores are pro- 
duced in aecia and resemble the aecio- 
spores of other rusts except in function. 
There are also some imperfect fungi, usu- 
ally regarded as rusts, that produce only 
uredospores, or only aeciospores. 

Most autoecious rusts are of relatively 
little economic importance, but the hetero- 
ecious rusts cause some of the most de- 
structive of all plant diseases, from an 
economic standpoint. Perhaps the most 
important single plant disease is the stem 
rust of wheat, variously called red rust or 
black rust, according to the stage in which 
it is observed. The uredospores and uredo- 
sori are rusty red, and the teliospores and 
teliosori are black. The stem rust of wheat 
is caused by Puccinia graminis, a hetero- 
ecious rust composed of a number of physi- 
ologic races, in which one host is a barberry, 
typically the cultivated European barberry, 
Berberis vulgaris, and the other host is one 
or another kind of grain or other grass. 
The spermatia and aecia are produced on 
the barberry, and the uredospores and 
teliospores on the grass (Fig. 16.30). 

The basidiospores, formed in the 
spring, are carried about by the wind and 


infect barberry leaves, developing a mono- 
karyotic mycelium which produces spermo- 
gonia (Fig. 16.31) on the upper leaf sur- 
face. The spermogonia, which are barely, 
if at all, visible to the naked eye, contain 
spermatia and a sweet liquid that attracts 
insects. The insects unwittingly transfer 
the spermatia in moving from one spermo- 
gonium to another. Spccial receptive hy- 
phae extend out through the mouth of the 
spermogonium, and often also through the 
stomates, or between the epidermal cclls of 
the barberry leaf. 

When a spermatium touches a recep- 
tive hypha of the opposite sexual strain, the 
spermatium fuses with a cell of the hypha. 
Probably the receptive hyphae are no more 
receptive in a physiological sense than any 
other hyphae of the monokaryotic myce- 
lium, but it is the receptive hyphae with 





Fig. 16.31 Wheat rust, aecia and spermogonia on 
barberry leaf. (Courtesy of E. J. Kohl, Lakeside 
Biological Products, Ripon, Wis.) 


which the spermatia are most likely to 
come into contact. After plasmogamy has 
occurred, the spermatial nucleus is ap- 
parently passed down through the hypha 
from one cell to another, until it reaches 
a hyphal cell near the lower surface of the 
leaf which becomes the initial cell of the 
new dikaryotic mycelium. Probably the 
dikaryotic stage may also be initiated by 
fusion of hyphae from plus and minus my- 
celia if these come into contact, as is true 
in many other rusts. 

Within a few days after initiation of 
the dikaryotic mycelium, clusters of aecia 
(often called cluster cups) appear on the 
lower surface of the barberry leaf (Fig. 
16.31). The individual aecia are mostly 
less than 1 mm wide, but still readily visi- 
ble to the naked eye. The aeeiospores 
formed in the aecia are distributed by the 
wind, but effective distribution is strictly 
local, and long-distance transfer of viable 
aeciospores is seldom if ever accomplished. 
Aeciospores are infectious only to certain 
grasses. The race that affects wheat also 
affects some wild grasses. 

The hypha produced by the gcrminat- 
ing aeciospore enters the host through a 
stoma of the stem or leaf sheath, and in 
1-2 weeks the rusty-reddish uredosori ap- 
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pear on the stem, leaf sheaths, and basal 
part of the leaf blades. An individual uredo- 
sorus is narrow and 2-10 mm long. The 
uredospores are carried about by the wind 
and are infectious to the same range of 
hosts as the aeciospores. In wheat-growing 
areas the most abundant potential host is 
wheat, and it is thercfore commonly said 
that the uredospores are produced on wheat 
and return to wheat. Uredospores are re- 
sistant to drying and may retain their 
viability for some time, with the result 
that they can be effectively distributed for 
long distances. The uredospore cycle may 
be repeated several times during the sum- 
mer, with no other type of spore being pro- 
duced, Later in the season, when the host 
is nearing maturity, some of the uredosori 
begin to produce teliospores instead of 
uredospores, thus becoming teliosori, and 
new teliosori are also formed directly from 
the mycelium within the host. 

The teliospores (Fig. 16.32) are black 
and two-celled. They generally remain at- 
tached to the straw and do not germinate 
until the following spring. Each cell of 
the teliospore is a probasidium. The pro- 
basidium germinates to form an epibasid- 
ium, which is enlarged at the base into a 
hypobasidium bounded by the old spore 


Fig. 16.32 Wheat rust, telio- 
spores. (Courtesy of E. J. 
Kohl, Lakeside Biological 
Products, Ripon, Wis.) 
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(probasidium) wall. The epibasidium, 
which has also been called a promycelium, 
IS microscopic, elongate, narrow, and 
transversely partitioned into four cells. 
Each cell of the epibasidium gives rise to 
a single ellipsoid basidiospore on a ste- 
rigma. The basidiospore is obliquely set on 
the sterigma and is forcibly discharged at 
maturity. Two of the basidiospores on a 
given basidium represent the plus strain, 
and two the minus strain. These strains 
cannot be called male and female, since 
each produces spermatia and receptive 
hyphae, corresponding more or less to male 
and female structures. The basidiospores 
are infectious to barberry, but not to wheat 
or other grasses. 

Puccinia graminis seldom does much 
damage to the barberry but is often very 
destructive to wheat and other grains. In 
parts of Europe the barberry was commonly 
believed to be harmful to wheat for hun- 
dreds of years before the German mycolo- 
gist Heinrich Anton De Bary demonstrated 
the principle of rust heteroecism by work- 
ing out the life cyele of Puccinia graminis 
(1864-1865). Inasmuch as the complete 
life cycle of the fungus requires the bar- 
berry as well as the grass host, it would 
seem that the disease could be eliminated 
by eradication of the barberry. This method 
of control has been highly successful in 
northern Europe, but much less so in the 
United States and some other parts of the 
world. The uredospores, which do not ef- 
fectively survive the winter in cooler cli- 
mates, survive very well in the southwestern 
United States, and carry the infection back 
to wheat, thus bypassing the barberry 
stages of the life cycle. New crops of uredo- 
spores carry the discase northward through 
the wheat belt of the Great Plains with 
the advancing season. The wheat-growing 
regions of northern Europe, on the other 
hand, are effectively cut off from warmer 
regions where the uredospores might sur- 
vive, by the Pyrenees, the Alps, and related 
mountain masses. 


Some cultivated varieties of wheat 
are far more resistant to rust damage than 
others, and a great deal of effort has been 
devoted to developing more resistant va- 
rieties by hybridization and selection. The 
intent is to combine in one variety all the 
other qualities desired, plus resistance to 
rust. The problem is tremendously com- 
plicated by the fact that the fungus exists 
in a number of minor races, and a wheat 
plant which is resistant to some of these 
may be susceptible to others. It is believed 
that elimination of the barberry is still a 
proper part of a control program in the 
United States, in combination with breed- 
ing for resistance, because the sexual stage 
of the life cycle cannot be completed with- 
out barberry. If the fungus reproduces only 
by uredospores, then new races, which 
might be able to infect previously resistant 
varieties of wheat, can arise only through 
relatively infrequent mutations, whereas 
if the full sexual cycle is allowed to take 
place new races can also be produced by 
recombination of existing genes. 

Another important heteroecious rust 
is the white-pine blister rust, Cronartium 
ribicola. The spermogonia and aecia (Fig. 
16.33) are borne on white pine (Pinus 
strobus) and other five-needled pines; the 
uredospores and teliospores on several kinds 
of currants and gooseberries (the genus 
Ribes), especially the black currant, R. ni- 
grum. The aeciospores, which bring the in- 
fection from Pinus to Ribes, may be car- 
ried long distances, but the basidiospores, 
which bring the infection from Ribes to 
Pinus, are seldom effectively carried for 
more than about 1000 feet. Currants and 
gooseberries suffer relatively little from the 
disease, but pines are more seriously af- 
fected and often die. Eradication of sus- 
ceptible species of Ribes from the vicinity 
of susceptible species of Pinus is an abso- 
lute control measure, but this is not easily 
accomplished, inasmuch as Ribes nigrum 
has been commonly cultivated for its edi- 
ble fruits, and other susceptible species 
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Fig. 16.33 Left, white pine 
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blister rust (Cronartium ribicola), aecial stage on white pine; 


right, cedar-apple rust (Gymnosporangium juniperi-virginianae) on eastern red cedar. (Cour- 
tesy of the Department of Plant Pathology, Cornell University.) 


of Ribes are widely distributed in the 
wild. 

The cedar-apple rust, Gymnosporan- 
gium juniperi-virginianae, does not produce 
uredospores. The spermogonia and aecia 
are produced on apple trees (Pyrus malus), 
and the telia on Juniperus virginiana, the 
eastern American juniper or red cedar. 
The fungus causes the juniper to produce 
characteristic galls, often called cedar ap- 
ples, that are commonly 1-2 inches thick. 
In the spring the gall gives rise to a number 
of teliosori which appear as gelatinous 
orange horns or slender projections com- 
monly 1⁄4 inch or more long (Fig. 16.33). 
The teliospores germinate in place to pro- 
duce the basidiospores, which are forcibly 
discharged from the sterigmata. The dis- 
ease does not usually travel far from either 
juniper to apple or apple to juniper, and 
here again local eradication of the alter- 
nate host has been used for control. 


SMUTS 


The smuts constitute the order Usti- 
laginales, a large group of fungi which in 
nature are obligate parasites of flowering 
plants, commonly affecting particularly the 
flowers and associated structures. The eco- 
nomically important smuts are mostly 
parasites of the cereal grasses, such as 
wheat, oats, rye, barley, and maize. 


The smuts are related to the rusts, 
which they resemble in their essentially 
obligate parasitism, lack of definite fruiting 
bodies, production of teliospores, and of- 
ten also in having a septate basidium. The 
smuts differ from the rusts in that the 
basidiospores of smuts are sessile on the 
basidium, without a sterigma, in the greater 
prevalence of blackish teliospores, and in 
the total absence of spermatia, aeciospores, 
and uredospores. The only spores produced 
by smuts are teliospores (always), basidio- 
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spores (usually), and conidia (frequently). 
Smuts are always autoecious, never having 
alternate hosts as do many rusts. 

A large proportion of smuts differ 
from most or all other Basidiomycetes in 
that the four nuclei formed by reduction 
in the developing basidium do not directly 
become the primary nuclei ot the basidio- 
spores. Each such nucleus, instead, com- 
monly undergoes one or more mitotic di- 
visions within the basidium after meiosis, 
and some or eventually all of these nuclei 
subsequently migrate out into the basidio- 
spores, which are often produced in suc- 
cessive crops of four. Sometimes the ba- 
sidium fails to produce basidiospores at 
all, and the individual cells of the basidium 
germinate to produce new hyphae; or the 
teliospore may even produce one or more 
new hyphae without forming a distinct 
basidium. 

Ustilago maydis, the common corn 
(maize) smut, causes large boils or tumors, 


often several inches across, on any rapidly 
growing, more or less meristematic part of 
the corn plant, frequently on or about the 
ears (Fig. 16.34). The unicellular, black 
teliospores germinate at or near the surface 
of the soil and typically produce an epi- 
basidium that is transversely divided into 
four cells. Each cell of the epibasidium 
produces a sessile basidiospore somewhat 
resembling a yeast bud. The basidiospore 
may be released directly into the air or may 
germinate in place to produce a sessile 
conidium similar to itself. The basidium 
commonly produces successive crops of 
basidiospores in the same position, and 
when all these remain attached for some 
time, a branching mycelium with chains 
of basidiospores and similar intercalated 
conidia may be formed. 

Sooncr or later the basidiospores and 
conidia are released into the air. A spore 
which lands on a growing part of a sus- 
ceptible corn plant germinates and forms 





Fig. 16.34 Smuts. Left, Ustilago maydis on an ear of corn, showing the tumors still covered 


by the membrane. (Courtesy of the Department of Plant Pathology, Cornell University.) 
Right, Ustilago tritici, the loose smut of wheat. (Courtesy of G. W. Fischer, Department of 


Plant Pathology, Washington State University.) 


a mycelium that spreads through the tis- 
sues of the host. ‘The mycelium is both in- 
tercellular and intracellular, passing 
through and between the cells and produc- 
ing haustoria which enter the host cells. 
The presence of the mycelium results in 
the formation of a tumor, which is at first 
covered by a definite whitish membrane. 
Many cells of the mycelium develop into 
teliospores, and the membrane of the tu- 
mor is ruptured, exposing the sooty spore 
mass. 

The dikaryotic stage may be initiated 


early or late, and, according to the cir- 
cumstances, may arise from fusion of 
spores, fusion of hyphae from different my- 
celia whieh come into contact, or, rarely, 
fusion of adjacent cells of the same hypha 
or mycelium. The species is heterothallic, 
and dikaryotization by fusion of cells from 
the same mycelium does not usually lead 
to the production of teliospores. 

The only effective control for corn 
smut, other than breeding for resistance, is 
to avoid planting corn in infected soil. If 
the smut boils are removed and destroyed 
before they release their spores, the chance 
of infection is minimized. Crop rotation 
is a useful part of such a program of sani- 
tation. 

Ustilago tritici, the loose smut of 
wheat, is one of the more important smuts. 
Infection takes place at the time of flower- 
ing. The unicellular, black teliospores are 
carried about by the wind. A teliospore 
which lands on the stigma (see Chapter 
31) of a young wheat flower germinates 
and produces a branching mycelium with- 
out forming a recognizable basidium, al- 
though the first division of the teliospore 
nucleus is meiotic. The dikaryotic stage 
may be initiated by fusion of hyphal cells 
from different mycelia which come into 
contact, or by nuclear transfer within a 
single hypha. The mycelium grows down 
into the ovary of the wheat flower and 
eventually enters the apical meristem (ẹpi- 
cotyl) of the developing embryo in the 
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grain. The mycelium then goes into dor- 
mancy while the grain matures. 

When the grain germinates the fol- 
lowing spring, the mycelium becomes active 
in the apical meristematic region but 
causes little or no evident damage until 
the new flowering spike is formed. The 
mycelium grows very vigorously within the 
developing flower spike, reducing it to a 
skeleton surrounded by a powdery mass of 
black teliospores which are released at 
about the time healthy plants come into 
flower (Fig. 16.34). 

Some varieties of wheat are more re- 
sistant to smut than others. In susceptible 
varieties the disease may be controlled by 
immersing the grain in hot water for sev- 
eral minutes, after several hours of soaking 
at ordinary temperatures. The fungus my- 
celium is more sensitive to heat than is 
the embryo of the grain, especially after 
dormancy has been broken by the pre- 
soaking. 

In the covered or stinking smut of 
wheat, caused by Tilletia foetida and T. 
caries (T. tritici), infection takes place as 
the seed is germinating, or directly there- 
after. The fungus permeates the tissues of 
the host, often stunting its growth. When 
the flower spikes are produced, the grains, 
or some of them, are replaced by masses 
of black teliospores. The chaff surrounding 
the grain is not much affected, hence the 
name covered smut. The name stinking 
smut comes from the foul odor given off by 
the smut bodies. The teliospores lie dor- 
mant over the winter and germinate the 
following spring, each producing a non- 
septate epibasidium with a cluster of 4 
to 12 narow, elongate, slightly curved, ses- 
sile basidiospores at the tip. These may 
germinate directly to form a new hypha 
which enters the host, or they may germi- 
nate by repetition, as in many other smuts, 
giving rise to conidia similar to themselves 
in form and function. The dikaryotic stage 
is often initiated while the basidiospores 
are still attached to the basidium. A conju- 
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gation tube is formed between two adja- 
cent basidiospores, and the nucleus of one 
spore passes through the tube into the 
other spore to form an initial dikaryotic 
cell, which may germinate directly or by 
repetition. Two monokaryotic conidia may 
fuse in similar fashion. 

Stinking smut is controlled by breed- 
ing for resistance and by chemical treat- 
ment of the seed to kill any teliospores 
which may remain on it. 


MUSHROOMS AND TOADSTOOLS 





Figs. 
6.37-16.39). ‘They belong to the order 
Agaricales, and some botanists would re- 
strict the application of that name to them 
alone. ‘The hymenium is borne on the 
lower side of the cap, which is more tech- 
nically called the pileus. Typically the 
lower side of the pileus is divided into 
many thin, more or less parallel, vertical 
plates, called gills, which radiate from the 
stipe to the margin of the pileus, and the 
hymenium covers the gills. Mushrooms and 
toadstools with gills are usually considered 
to make up a single family, the Agarice- 
ceae; members of this family are some- 
times called agarics. 
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Fig. 16.35 Harvest scene in 
a wheat field heavily infested 
with stinking smut, near Pull- 
man, Washington, in 1956. 
The clouds of spores will in- 
fest fallow fields for miles 
around. (From G. W. Fischer 
and C. S. Holton, Biology and 
control of the smut fungi, 
1957. Copyright Ronald Press, 
New York.) 


Agarics are mostly saprophytic, oc- 
curring especially in soil that is rich in or- 
ganic matter, or on rotting logs or stumps, 
etc., but some are facultative parasites on 
the roots of trees and elsewhere, or they 
may be involved in mycorhizal associa- 
tions (see p. 272). The vegetative myce- 
lium is buried in the substratum and sends 
up fruiting bodies at irregular intervals of 
months or years, usually after soaking 
rains. A mycelium established at a single 
point tends to enlarge radially in all direc- 
tions and to die out at the center with the 
depletion of the available food supply. 
Successive crops of fruiting bodies may 
thus be produced in successively larger 
rings, often called fairy rings, before en- 
vironmental hazards break up the ring or 
change its shape. Puffballs often produce 
fairy rings in the same manner. 

Many agarics are edible and are con- 
sidered great delicacies, but others are ex- 
tremely poisonous. Some species of Ama- 
nita (Fig. 16.38) are so virulent that a 
piece 1 cubic centimeter in size may be 
fatal, and there is no known antidote for 
the poisonous principle of these species. 
Other species of Amanita are harmless; 
Amanita caesaria is so named because the 
emperor Nero was reputedly fond of it. 
Some kinds of mushrooms are poisonous to 
some people and harmless to others, and 
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Fig. 16.36 Effect of different 
physiological races of one 
species of smut (Ustilago 
bullata) on Hordeum brachy- 
antherum, the native Ameri- 
can meadow-barley. Plants of 
H. brachyantherum from the 
same lot of seed were inocu- 
lated with smut spores col- 
lected from other kinds of 
grasses. The head at the right 
is normal; the others, taken 
from left to right, inoculated 
with smut taken from 
Agropyron trachycaulum, A. 
cristatum, A. spicatum, 
Bromus mollis, B. marginatus, 
B. catharticus, B. vulgaris, B. 
anomalus, B. inermis, B. 
catharticus. (From G. W. 
Fischer and C. S. Holton, 
Biology and control of the 
smut fungi, 1957. Copyright 
Ronald Press, New York.) 


Fig. 16.37 Clitocybe bruma- 
lis, a common mushroom. 
(Courtesy of the Department 


of Plant Pathology, Cornell 
University.) 


Fig. 16.38 Amanita musca- 
ria, the fly amanite, a highly 
poisonous mushroom. Note 
the “death cup” at the base, 
found on many poisonous 
(and some edible) mush- 
rooms. (Courtesy of the De- 
partment of Plant Pathology, 
Cornell University.) 
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a few are poisonous only when consumcd 
more or less concurrently with alcoholic 
beverages. Some poisonous amanitas have 
the stipe seated in a basal cup, commonly 
called the death cup, but some edible 
mushrooms have a similar cup, and some 
poisonous ones lack it. There is, in fact, 
no test, other than actual eating, which 
will distinguish all poisonous mushrooms 
from all edible ones, and this test is not 
conducive to the tester’s longevity. It is, 
of course, possible to learn to recognize 
individual species which are edible and to 
learn also to recognize some of the notor- 
iously poisonous species, but the chances of 
error are so great, and the possible results 
of error so serious, that people who are not 
competent mycologists are better advised 
to forego the consumption of wild mush- 
rooms. ‘The most widely used wild 
mushroom is Agaricus campestris, which 
is the ancestor of the cultivated species 
A. bisporus, commonly grown and canned 
in the United States. These species are 
safe. 

Many nonbotanists apply the term 
mushroom to those agarics and related 
fungi which they believe to be edible, and 
the term toadstool to those which they be- 
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Fig. 16.39 Coprinus (a 
mushroom); cross section of 
fruiting body, showing stipe, 
gills, and cap. (Courtesy 
CCM: General Biological, 
Inc., Chicago.) 


lieve to be poisonous. Because edibility is 
so difficult to determine safely, and because 
this criterion cannot be used to divide the 
agarics into taxonomically natural groups, 
most botanists prefer to usc the terms in- 
terchangeably, or to use the term mush- 
room in a broad sense and relegate toad- 
stool to popular usage. 

The dikaryotic stage of agarics may be 
initiated in any of several ways. Mono- 
karyotic mycelia of many species produce, 
at the surface of the substrate, conidia of a 
type usually called oidia. These may be 
distributed singly by the wind or may be 
borne in droplets of sticky liquid which 
attract insects. An oidium which comes 
into contact with a hyphal cell of the 
proper type fuses with that cell, initiating 
the dikaryotic stage; otherwise, at least in 
some species, the oidium germinates to 
produce a new mycelium, in the manner of 
other conidia. The oidia of agarics are 
thus comparable in function to the sper- 
matia of rusts. In addition to the fusion of 
an oidium with a hyphal cell, the dikary- 
otic stage may be initiated by fusion of 
hyphal cells of different, or even the same, 
mycelia. Heterothallic species, with two 
or more mating types, require the contact 





of mycelia or cells of different mating 
types, whereas in homothallic species the 
process may be completed within a single 
mycelium. 

Once the initial dikaryotic ccll has 
been formed, a new dikaryotic mycelium 
may develop from it by division, in the 
way described on p. 256, and, at least in 
many species, the existing mycelium is con- 
verted to a dikaryotic condition. In the lat- 
ter instance the newly introduced nucleus 
in the dikaryon initial divides mitotically, 
and one of the daughter nuclei passes 
through the pore in the partition into the 
adjoining cell, where it again undergoes 
mitosis,..ete : 








actors. In many species thc gills are ex- 
posed from the beginning. In others the 
margin of the pileus is at first recurved and 
is connected to the base of the stipe by a 
membrane called the volva or veil. At this 
stage the young fruiting body might at 
first be confused with the fruiting body of 
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a more mature puftball, although the in- 
ternal structure is different. Growth of the 
pileus and stipe ruptures the veil, which 
remains, im some species, as a cup sur- 
rounding the base of the stipe. Alterna- 
tively, or in addition to the primary veil, 
there may be a secondary veil, extending 
from the margins of the young pileus to a 
level more or less midway along the stipe. 
The remnants of this secondary veil com- 
monly persist as an annulus (little ring) 
around the stipe whcn the fruiting body is 
mature. 

The gills (Fig. 16.40) on the lower 
side of the pileus are covered by the hy- 
menium, which consists of a layer of very 
many basidia, either alone or interminglcd 
with paraphyses, often also with some 
scattered, longer, firmly projecting cells 
which tend to hold the surfaces of the gills 
apart. The basidia are unicellular, com- 
monly longer than thick, with four ter- 
minal, ellipsoid basidiospores obliquely set 
on the sterigmata. The four nuclei formed 
by reduction division within the basidium 
migrate into the basidiospores, of which 
they become the primary nuclei. 





Fig. 16.40 Coprinus gill, showing basidiospores. (Courtesy CCM: General Biological, Inc., 
Chicago.) 
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At maturity the basidiospores are forci- 
bly discharged from the basidia, commonly 
for a distance several times their own 
length, and fall from between the. gills 
into the open air. The basidiospores are 
carried about by the wind, and under fa- 
vorable conditions any basidiospore may 
germinate to produce a monokaryotic my- 
celium. The fruiting bodies die and decay 
soon after liberating their spores, but the 
vegetative mycelium which produced them 
generally lives on to produce successive 
crops of fruiting bodies and is potentially 
immortal. 


Bracket FUNGI 


The bracket fungi, making up the fam- 
ily Polyporaceae of the order Agaricales, 
are similar in many respects to the Agari- 
eaceae, differing chiefly in the structure of 
the fruiting body and in the greater tend- 





ency to grow on wood. The fruiting body 
(Fig. 16.43) is usually a firm bracket on 
the tree or log within which the vegeta- 
tive mycelium has developed. The lower 
surface of the bracket is covered with tiny 
pores that are often so small as to be 
barely visible to the naked eye. Each such 
pore is the external opening of a slender, 
usually vertical tube in the fruiting body, 
and the hymenium covers the internal sur- 
faces of the tubes. Some genera of poly- 
pores produce perennial fruiting bodies, 
adding a new and larger layer on the lower 
side each year, so that the upper side shows 
a series of concentric arcs. There are sev- 
eral families of Agaricales (Figs. 16.41, 
16.42) in which the hymenium is more 
prominently exposed than in the Agari- 
caceae and Polyporaceae, and one fam- 
ily, the Boletaceae, in which the fruiting 
body has the form of the Agaricaceae 
but the porous structure of the Polypora- 
cede: 


Fig. 16.41 Hydnum imbricatum, a tooth fungus (Agaricales, family Hydnaceae). (X2/3.) 
(Courtesy of the Department of Plant Pathology, Cornell University.) 








Fig. 16.42 Clavaria pyxidata (Agaricales). (X1/2.) 
(Courtesy of the Department of Plant Pathology, 
Cornell University.) 


Bracket fungi (Fig. 16.43) grow on 
both live and dead trees, or less commonly 
on organic matter in the soil; a few species 
are parasitic on other fungi. The species 


wy 


A 
; 


S 


S 
SGs 


NX 
L 


MN F 
Ba 7 
ISLS 4AN 


y 


WY > 
e 





id i] 77 j i 3 k & 
Ne A Re aa pass SCE <S eets | 


Fig. 16.43 Polyporus squamosus, a bracket fungu 
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which grow on living trees typically attack 
directly only the dead cells of which the 
wood is largely composed, but the enzymes 
they produce may kill some of the living 
cells and ultimately contribute to the death 
of the tree. Bracket fungi often do serious 
damage to mature standing timber, and 
also to lumber which is kept moist or in 
contact with the ground. The author has 
even seen fruiting bodies attached to the 
wooden frame of a station wagon owned 
by one of his botanical colleagues in 
Georgia. The vegetative mycelium devel- 
ops extensively in the substrate before 
fruiting bodies are produced, and the ap- 
pearance of basidiocarps indicates that 
considerable decay has already occurred. 


PUFFBALLS 


The fruiting bodies of Basidiomycetes 
belonging to the family Lycoperdaceae of 
the order Lycoperdales are commonly 
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Fig. 16.44 Dictyophora, a stinkhorn fungus (order 
Phallales). Note the flies gathered on the malo- 
dorous gleba. (Photo by W. H. Hodge.) 


called puffballs (Fig. 16.45). The Lyco- 
perdaceae are much like the Agaricaceae 
in habitat, food supply, vegetative struc- 
ture, and the manner in which the dikary- 
otic condition is achieved. They differ 
from the Agaricaceae chiefly in the struc- 
ture of the fruiting bodies and position of 
the basidiospores. The fruiting bodies are 
usually more or less globose or depressed- 
globose, often tapering to a broad stalk- 
like base. The commoner species seldom 
cxceed 2—3 inches in diameter, but a rec- 





ord specimen 4 fect across and | foot high 
was collected some years ago in New York. 
It has been estimated that such a specimen 
should contain about 1.6 X 10% spores. 
Many species of puffballs are highly edible 
when young, and none is known to be 
poisonous, but a young puffball is so read- 
ily confused with a young mushroom that 
amateurs should beware. 

A mature puffball consists of a com- 
pact outer layer called the peridium, en- 
closing a mass of looser, often more or 
less spongy mycelium, the gleba. The gleba 
eonsists of very numerous basidia and in- 
termingled sterile hyphae, the lattcr form- 
ing the capillitium. The peridium and cap- 
illititum of the Lycoperdaceae are only 
vaguely and superficially similar to the 
peridium and capillittum of the Myxo- 
mycetes, being quite different in structure 
and origin. The basidia and basidiospores 
of the Lycoperdaceae rescmble those of 
the Agaricaceae, cxcept that the basidio- 
spores of the Lycoperdaceae arc symmetri- 
cally attached to the sterigma by one end, 
rather than being obliquely set, and are 
merely released from the sterigma at ma- 
turity, rather than being forcibly dis- 
charged. At maturity the peridium tends 
to rupture, leaving one or more openings 
into the gleba, especially from the top. 
Wind or othcr disturbance causes the ba- 
sidiospores to be discharged into the air, 
but the capillitium tends to restrict the 
number of spores which are discharged at 
any one time. 


MYCORHIZAE 


Many species of fungi enter into a 
symbiotic association with the roots of 
vascular plants, forming a structure known 
as a mycorhiza. [his term is also extended 
to cover the products of somewhat simi- 
lar associations between fungi and the un- 
derground gametophytes of Lycopodium 
and some other plants. Many members of 





Fig. 16.45 Lycoperdon prolatum, a pufftball. ( 


nell University.) 


the Boletaceae and Agaricaceae are mycor- 
hizal, as are also the Tuberales (Ascomy- 
cetes) and various other fungi. A large 
proportion of trees are mycorhizal, as are 
also most members of the heath and or- 
chid families. Well-preserved fossil mycor- 
hizae have been found in coal balls dating 
from the Lower Carboniferous (Mississip- 
pian) period. Mycorhizae are further dis- 
cussed in Chapter 25. 


Eumycotina: Fungi Imperfecti 


Fungi of which the perfect stage is 
unknown are called Fungi Imperfecti, or 
Deuteromycetes. When the perfect stage 
of a fungus previously referred to the Fungi 
Imperfecti is discovered, the organism 1s 
transferred to the appropriate class. Often 
both the perfect and imperfect (asexual) 
stages of a fungus are discovercd and 
named long before it is learned that both 
names apply to the same species. Accord- 
ing to the rules of nomenclature, a name 
based on the perfect stage always takes 
precedence over one based on an imper- 
fect stage, regardless of which name is the 
older. One reason for this is that species, 
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Courtesy of the Department of Plant Pathology, Cor - 


genera, and higher groups which may be 
readily distinguishable in the perfect stage 
may be wholly indistinguishable in the 
imperfect stage, so that one name for an 
imperfect fungus may prove to apply to 
several different taxa when the perfect 
stages are discovered. 

The impcrfect genera Aspergillus and 
Penicillium (Fig. 16.46) may serve to illus- 
trate the situation. Both are common 
genera, with many species that reproduce 
abundantly by conidia. In Aspergillus the 
conidiophore is swollen at the tip and cov- 
ered with very numerous, short, radiating 
branches, each of which terminates in a 
chain of conidia. In Penicillium the eo- 
nidiophore divides into two or more 
branchcs, each of which terminates in a 
chain of conidia. The common blue and 
green molds are mostly species of Aspergil- 
lus and Penicillium. The perfect stages 
have been found for only a small fraction 
of the species that have been placed in 
these two genera. The presently known per- 
fect stages of Aspergillus prove to belong 
to three different genera, Eurotium, Emeri- 
cella, and Sartorya, all of which belong to 
the family Eurotiaceae of the order Euro- 
tiales of the Ascomycetes. The presently 
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known perfeet stages of Penicillium rep- 
resent two genera, both of which belong to 
the Eurotiaceae. One of these, Carpenteles, 
had been known and described before its 
relationship to Penicillium was suspected. 
The other, Talaromyces, had not been 
previously known and was established to 
include some species which, in the imper- 
fect stage, had been referred to Penicillium. 
According to the rules of nomenclature, 
the names which had been used for these 
species when only the imperfect stage was 
known should now be replaced by names 
based on the perfect stage, but the names 
Aspergillus and Penicillium are so well 
known that many botanists continue to 
use them, even for species whose perfect 
stage is now known. Even when those spe- 
cies for which the perfect stage has been 
discovered are removed to genera based 
on perfect stages, there remain many spe- 
eles of both Penicillium and Aspergillus 
for which these latter names must be re- 
tained because the perfeet stage has not 
yet been discovercd. 

In both Aspergillus and Penicillium the 
perfect forms so far discovered have proved 
to be closely related, even though they are 
rcferred to distinct genera. That is not al- 
ways the case with other genera of Fungi 
Imperfecti. Rhizoctonia is a common and 
well-known imperfect genus with many spe- 
cles. One of these, R. solani, is a serious 


Fig. 16.46 Conidiophores 
and conidia of Aspergillus 
(left) and Penicillium (right). 
(< 800.) 


parasite of potatoes and a number of other 
plants. The perfect stage of R. solani is Pel- 
licularia filamentosa, a member of the fam- 
ily Thelyphoraceae, order Agaricales, sub- 
class Homobasidiomycetes. Rhizoctonia 
crocorum, another fairly important para- 
site, proves to be the imperfect stage of 
Helicobasidium purpureum, a member of 
the family Auriculariaceae, order ‘Tremel- 
lales, subclass Heterobasidiomycetes. ‘Thus 
species which had been referred to a single 
genus on the basis of the imperfect stage 
prove to represent two different subclasses 
of Basidiomycetes. Genera of the Fungi 
Imperfecti are often spoken of as form 
genera, i.c., genera which are based on 
certain morphological characters but 
which do not necessarily represent natural 
groups of species. 

A large proportion of the species which 
have been removed from the Fungi Imper- 
fecti on discovery of the perfect stage 
prove to be Ascomycetes, but some, on the 
contrary, are Basidiomycetes. Conidial 
stages of Phycomycetes can usually be 
recognized and are commonly referred to 
the appropriate position in that elass rather 
than being placed in the Fungi Imperfecti. 
Doubtless many of the approximately 
10,000 species now referred to the Fungi 
Imperfecti will eventually be removed to 
other classes, but many others have prob- 
ably lost the perfect stage completely. It is 


Fig. 16.47 Penicillium conidiophores. (Courtesy CCM: 


scarcely to be expected that perfect stages 
with macroscopic fruiting bodies will be 
discovered for such dermatophytes (skin- 
inhabiting fungi) as Trichophyton gyp- 
seum and T. purpureum, which cause ath- 
lete’s foot. 

In addition to causing plant diseases, 
Fungi Imperfecti cause several diseases of 
man. The dermatophytes, which are sel- 
dom more than a mere annoyance in tem- 
perate regions, are so vigorous and abun- 
dant in moist tropical regions as to be a 
serious menace. The San Joaquin Valley 
fever, a severe and often fatal illness which 
is sporadic in parts of California and else- 
where in the southwestern United States, 
is caused by Coccidioides immitis, an im- 
perfect fungus. Some other imperfect 
fungi cause lung diseases with symptoms 
similar to those of tuberculosis. 


ANTIBIOTICS 


Any substance produced by a living or- 
ganism, which under natural conditions 
tends to inhibit the growth of competing 
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organisms, is called an antibiotic. Many 
fungi produce antibiotics which are par- 
ticularly effective against bacteria. ‘The first 
antibiotic to attract much attention was 
penicillin. The Scottish medical bacteri- 
ologist Alexander Fleming (1881-1955) 
noticed in 1928 that a species of Penicil- 
lium which occurred as a contaminant in 
a laboratory culture of Staphylococcus in- 
hibited the growth of bacteria for some 
distance around and beyond the fungal 
mycelium. Obviously this effect could be 
achieved only by the release into the cul- 
ture medium of some substance produced 
by the fungus. Fleming named this sub- 
stance penicillin in 1929. Experimental 
work later demonstrated that penicillin 
is highly effective in limiting the growth 
of many Gram-positive bacteria, although 
relatively harmless to most Gram-negative 
ones. 

Penicillin was first used to treat a 
human illness in 1941, and the dramatically 
successful results soon led to its widespread 
use to combat a number of differcnt bac- 
terial diseases and infections, although 
the original patient suffered a relapse and 
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died after the supply of the drug had been 
exhausted. Gonorrhea has been particularly 
amenable to penicillin treatment, although 
penicillin-fast cases (1.e., cases that do not 
respond to treatment with penicillin) are 
now appearing with incrcasing frequency. 
The species of Penicillium observed by 
Fleming was P. notatum, but commercial 
penicillin (Fig. 16.48) is now obtained 
largely from a related species, P. chryso- 
genum. Neither of these species is known 
to have a perfect form. Penicillin is now 
considered to be a generic name for several 
chemically closely allied compounds (some 
of them synthetic) with similar bacterio- 
static activity. 

The success of penicillin led to a wide- 
spread search for other antibiotics. Many 
fungi and actinomycetes have been shown 
to produce antibiotic substances, but most 
of these are unsuited to medical use be- 
cause there is little or no margin between 
the therapeutic and the toxic dose. Medi- 















cally useful antibiotics other than penicil- 
lin have come chiefly from the actinomy- 
cetes, especially the genus Streptomyces 
(see Chapter 7). Streptomycin, produced 
commercially from S. griseus, is effective 
against many Gram-negative as well as 
some Gram-positive bacteria, thus comple- 
menting the role of penicillin. Another 
group of antibiotics, called tetracyclines, 
are produced by Streptomyces aureofaciens 
and related species. Tetracyclines are active 
against a broad range of both Gram-positive 
and Gram-negative bacteria. It may be of 
some interest that penicillin, streptomycin, 
and tetracycline are chemically unrelated, 
even though the latter two types are ob- 
tained from species in the same genus 
(Streptomyces ). 

Fungi and bacteria are the only large 
groups of plants that rcgularly produce 
exoenzymes. The antibiotics which they 
produce are also released into the substrate. 
It has been suggested that these antibiotics 







ba 
WY 






N 
> 
k À x, 
NS a Wi A sA WEES Sie. 
s SF Nee SS 
SY X SSS ş K 
NN EN EN 
n J ` AN a 
à eS pees Ce aN = RS SE y SA A RNK E 
: SES NaN Tee T ONA 
EIERS, AN SS. SWS SE RANSON AGS 
-e £ AS SN VEO. + Se SVS NGOY LEZNS 
Ë Paw eer x wae ES A jj Ñk ANNONE Si >` 
; TRAX Rees SEANARSENS ASRS ae Wa 3 
P Yeas 2 Y ; A, =, N = RES 
aay SRNR RAAEE Re AAARBOONCRAEANE RRS 8 gOS R. 
h AASA ENA a NNNSN NNN DS REN SEEN 





Fig. 16.48 Production of penicillin. (Courtesy of Eli Lilly and Company.) 


are merely wastc products comparable to 
the toxins produced by some of the patho- 
genic bacteria, but they also have a definite 
survival value for the organisms that pro- 
duce them, in reducing the competition 
for the available food. Although their evo- 
lutionary precursors may have originated 
as waste products, they have become weap- 
ons in the constant struggle for existence. 
We shall see in a later chapter that some 
of the vascular plants also produce anti- 
biotic substances which play a similar role 
in reducing competition. 


Eumycotina: General 
Considerations 


ECONOMIC IMPORTANCE 


Fungi cause many serious diseases of 
plants, and also a few diseases of man and 
other animals. They are second only to the 
bacteria as agents of decay and are almost 
alone as the cause of decay of wood. As 
noted in the discussion of bacteria, decay 
is the means by which complex organic 
compounds are changed into simpler sub- 
stances which can again be used as raw 
materials for plant growth. Some mush- 
rooms, and other fungi such as truffles and 
morels, are used as food, and people often 
die as a result of mistaking poisonous mush- 
rooms for edible ones. Lichens are signifi- 
cant as pioneers on bare rock surfaces, and 
many forest trees and other kinds of plants 
are dependent on mycorhizal associations 
for survival. Alcohol is obtained from 
yeasts, which are also important in the 
baking industry; and a number of other 
useful chemicals, including penicillin, are 
obtained from various kinds of fungi. Al- 
though fungi obviously cause enormous 
damage from a human standpoint, they 
are also an essential part of the balance 
of nature as it now exists. 
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METHODS OF CONTROLLING 
PLANT DISEASES 


The most important general methods 
of controlling diseases of plants are breed- 
ing for resistance, spraying and other di- 
rect treatment of the host, grafting on 
resistant stock, elimination of a necessary 
alternate host, and sanitation, including 
crop rotation. Most of these methods are 
used to control one or another disease 
caused by fungi. The importance of breed- 
ing for resistance against rusts and smuts 
has been mentioned, as have also the elim- 
ination of alternate hosts for some rusts 
and sanitation for some smuts. Breeding 
for resistance is particularly useful for 
annual crops, since new seed must in any 
case be planted eaeh year. The use of 
Bordeaux mixture in controlling downy 
mildew of grapes has been mentioned. The 
outstanding example of a disease controlled 
by grafting on resistant stock is the Phyl- 
loxera disease of grapes. Phylloxera is a 
tiny insect, related to the aphids, whieh 
attacks the roots of grapes. It is native on 
American grapes, to which it usually causes 
relatively little damage. It is very destruc- 
tive to European species of grape, how- 
ever, and the vines in most European vine- 
yards are now grafted on the roots of 
resistant American species. 


RELATIONSHIPS 


The relationships of and among the 
fungi have long been subjects of contro- 
versy, and the controversies have not yet 
been fully resolved. The Phycomycetes 
have generally been considered to be re- 
lated to the algae (as their name suggests ) 
and derived from them by loss of chloro- 
phyll. The coenocytic filamentous algal 
genus Vaucheria (now referred to the 
Xanthophyceae, but in the past generally 
included in the Chlorophyceae) has often 
been compared to members of the fungal 
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order Saprolegniales. More recently, as the 
flagellated members of the Phycomycetes 
have been more carefully studied, emphasis 
has shifted to algal flagellates, rather than 
filamentous algae, as probable ancestors of 
the group. It now appears highly probable 
that the Oomycete group of Phycomycetes 
originated from algal flagellates that be- 
long or are related to the Xanthophyceae. 

As the ancestry of the Oomycetes has 
become more clear, their relationship to 
the other fungi has become less certain. 
The presence of both a pinnate and a 
whiplash flagellum, and the absence of 
chitin tend to separate them from the 
grossly similar group Chytridiomycetes, 
which have only the whiplash flagellum 
and have chitinous walls. Furthermore the 
Oomycetes make the amino acid lysine in 
the same way as the Xanthophyceae and 
most other kinds of organisms (the di- 
amino-pimelic pathway), whereas the Chy- 
tridiomycetes and other fungi (insofar as 
they have been tested, and with an excep- 
tion noted below) follow a different path- 
way (the amino-adipic pathway) in making 
lysine. The amino-adipic pathway is (so 
far) otherwise known only in Euglena, but 
it would be premature to postulate the 
euglenoids as the ancestors of the Chytni- 
diomycetes and other Eumycotina. On the 
other hand, there is a small group of uni- 
flagellate Phycomycetes, the order Hypho- 
chytridiales (now often treated as forming 
a distinct class Hyphochytridiomycetes ) 
which may form a link between the Oomy- 
cetes and Chytridiomycetes. The Hypho- 
chytridiales resemble the Oomycetes in the 
manner of lysine synthesis and in having a 
pinnate flagellum, but at least some of the 
genera have both chitin and cellulose in 
the cell wall. 

In contrast to the Phycomycetes, the 
Ascomycetes are suggestive of the rcd algae 
in some respects. ‘The trichogyne of the 
red algae has been compared with the 
trichogyne of the Ascomycetes, and the 


carposporangia of the red algae with the 
asci of Ascomycetes. The central pore in 
the septa of ascomycetous filaments has 
likewise been compared with the pore in 
the wall between sister cells of red algal 
filaments. These similarities have convinced 
a now dwindling number of botanists that 
the Ascomycetes are, in fact, derived from 
the Rhodophyta by loss of chlorophyll. 
Nearly all students have agreed that 
the Basidiomycetes are dcrived from the 
Ascomycetes and that the basidium is a 
modified ascus. This view is strengthened 
by the fact that in some Basidiomycetes 
the developing basidiospore produces a 
wall of its own in ascomycctous fashion 
while still enclosed in the outer wall 
formed by the projection from the basid- 
ium. 
The idea that the fungi are polyphy- 
letic, that is derived from two or more very 
different groups of algae, has never com- 
manded universal acceptance bv botanists. 
Many botanists have believed that the 
similarities are so great and the gaps in 
diversity so small, that at least the Eumy- 
cotina must constitute an essentially natu- 
ral group. The consistently chitinous walls 
of the Ascomycetes, Basidiomycetes, and 
the Zygomycete and Chytridiomycete 
groups of Phycomycetes tend to unite 
these groups and to separate them from 
all suggested algal ancestors. Another uni- 
fying feature is the tendency toward pro- 
gressive delay between plasmogamy and 
karyogamy, beginning in some of the 
Zygomycetes and culminating in the di- 
karyotic condition of many Basidiomycetes. 
The author favors the view, which he also 
believes to be now the opinion of the ma- 
jority of systematic mycologists, that the 
Chytridiomycetes, Zvgomycetes, Ascomy- 
cetes and Basidiomysetes form an essentially 
natural group derived eventually from algal 
flagellates via the Chytridiomycetes. The 
Oomycetes are pretty clearly derived from 
algal flagellates of xanthophycean nature, 


but as we have noted there is no assurance 
that they are closely allied to the other 
groups of fungi. 

The Myxomycetes are probably also 
derived from algal flagellates, via forms 
similar to the Acrasiales. It is still uncer- 
tain, however, whether their algal ancestors 
were allied to the algal ancestors of t^e 
main group of Eumycotina, and indeed it 
is still uncertain whether the Myxomycetes 
are better grouped with the fungi (plants) 
or the protozoa (animals). The Plasmo- 
diophorales are of some interest as a group 
possibly transitional between the Myxomy- 
cetes and Chytridiomycetes. 


FOSSIL FORMS 


The fossil record provides abundant 
evidence of the existence of fungi from 
the Devonian period to the present. Some 
of the oldest known fossils of vascular 
plants, from the Rhynie beds of Devonian 
age in Scotland, bear well-preserved fossil 
fungi which resemble the Phycomycetes in 
having nonseptate hyphae. Fossil leaves of 
Carboniferous and later ages often have 
small spots resembling the fruiting bodies 
of Pyrenomycetes, and leaves of Cretaceous 
and later ages have spots resembling the 
aecia, uredinia, and telia of rusts. Fossils 
of the larger fruiting bodies of fungi are 
very seldom found. Since the classification 
of fungi depends largely on the structure 
of the fruiting bodies and on microscopic 
details which are in any case not likely 
to be preserved, the fossil record provides 
but little evidence as to the phylogeny 
of the group. 
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DIVISION 


BRYOPHYTA 
Bryophytes 


Conocephalum conicum, a liverwort belonging to the Marchantiales. (X 4.) (Photo by John 
H. Gerard, from National Audubon Society.) 





Plants with multicellular antheridia and archegonia, but without 
specialized conducting tissues such as xylem and phloem; sporophyte 
permanently attached to the gametophyte and partly or wholly parasitic 
on it. Three classes, the Anthocerotopsida, Marchantiopsida, and 


Bryopsida. 


INTRODUCTION TO 
EMBRYOBIONTA 


The classification of all plants into 
two primary groups, the Thallophyta and 
Cormophyta, was proposed by the Aus- 
trian botanist Stephan Ladislaus Endlicher 
(1804-1849) in 1836. The term Embryo- 
phyta has often been used, subsequently, 
in place of Cormophyta, and more recently 
many botanists have treated Fndlicher's 
groups as subkingdoms, under the names 
Thallobionta and Embryobionta. ‘That 
practice is adopted in this text, but thallo- 





ta. Although there is a fair de- 
gice of agreemcnt among botanists as to 
the groups to be recognized, the nomen- 
clature and the precise ranks at which the 
various groups should be received are still 
controversial. The Pinophyta and Mag- 
noliophyta, for example, are often spoken 
of as Gymnospermae and Angiospermae, 
respectively, and regardless of the technical 
nomenclature these groups retain the 
names gymnosperms and angiosperms in 
informal botanical parlance. 

The divisions of Thallobionta are very 
diverse and have little in common except 
the absence of some of the features which 


phytes and embryophytes are retained as. 
for th 





that the normai life cycle of the 


characterize the Embryobionta. The divi- 
sions of Embryobionta, on the contrary, 
form a well marked group with many mor- 
phological, anatomical, and_ physiological 
features in common, and it clear that the 
Embryobionta are derived from a particu- 
lar division (Chlorophyta) of the Thallo- 
bionta. 

The pigments of the chloroplasts of 
embryophytes are chlorophylls a and b, £- 
and usually a-carotene, and several xantho- 
phylls, generally including lutein, crypto- 
xanthin, and zeaxanthin. Chlorophyll a 1s 
the principal chlorophyll, g-carotene is the 
principal carotene, and lutein is the prin- 
cipal xanthophyll. The carotenes and xan- 
thophylls, collectively called the carote- 
noid pigments, are masked by the more 
abundant chlorophylls. The most common 
carbohydrate reserve of the embryophytes 
is starch. The primary cell wall of embryo- 
phytes consists largely of cellulosc. Flagel- 
lated cclls of embryophytes have only the 
whiplash type of flagellum. In all these re- 
spects the Embryobionta resemble the 
green algae (Chlorophyceae), and the green 
algae are generally believed to be ancestral 
to the Embryobionta. 

The embryophytes differ from the 
green algae and from most thallophytes in 
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with a definite sporophyte attached to the 
gametophyte are some of the red algae, 
and these are so different from the em- 
bryophytes in other respects that no close 
relationship seems possible. We have noted 
that many thallophytes produce one or 
more kinds of asexual spores in addition to 
(or instead of) the sexual spores (meio- 
spores) which are formed as a result of rc- 
duction division and are part of the normal 
sexual life cvcle. The embrvophytes regu- 
larly produce sexual spores by reduction 
division as part of the sexual life cvcle, and 
thev never produce any other sort of spore. 











isions 


All the less highly modified div 
of the 


“xcept as noted in 
the Charophyceae, the gametes of the 
Thallobionta are borne in unicellular 
gametangia which may or may not be dif- 
ferentiated as antheridia and oégonia. ‘The 
multicellular scxual structures of the 
Charophyceae do not resemble those of 
the Embryobionta. 






| 1 tne 
brown algae. Sporophytes of some of the 
Bryophyta and nearly all the other Embry- 
obionta have characteristic openings in the 
epidermis, called stomates, through which 
the internal tissues exchange gases with the 
atmosphere. A stomate is bounded by two 
specialized cells, called guard cells,,which 
regulate the opening. The structure of the 
stomatal apparatus is discussed in Chapter 
26. Stomates are unknown in the Thallo- 
bionta. A large proportion of the algae, 
and some fungi, are aquatic. T'he vast ma- 
joritv of embryophytes are terrestrial, and 











the Fmbryobionta are sometimes rather 
inaccurately spoken of as the Land Plants. 
A number of the characteristic differences 
between the Fmbryobionta and the Thal- 
lobionta merely reflect the adaptation of 
the Embryobionta to a land habitat. 


HISTORY 


The bryophytes first were clearly recog- 
nized as a natural group by the British bot- 
anist Samuel Frederick Gray (1766-1828) 
in 182], although the formal divisional 
name Bryophyta was not proposed until 
nearly half a century later. The two groups 
of bryophytes which Gray recognized, the 
Musci (here called Bryopsiday and the 
Hepaticae (here called Marchantiopsida); 
had already been established by earher C 
botanists. Gray’s contribution was to rec- 
ognize the affinity between thc two groups. 

The name Musci (which has more 
traditionally been used for the group here 
callcd Bryopsida) is taken directly from 
the Latin word for moss, muscus (pl. 
musci). The Romans included under that 
name some things which are not now con- 
sidered to be mosses. Linnaeus and his con- 
temporaries did not distinguish between 
the true mosses and the club mosses ( Lyco- 
podiopsida), which are about as closely re- 
lated as horses and sea horses. The present 
delimitation of the class Bryopsida was es- 
tablished (under the name Musci) in 1782 
by the German botanist Johann Hedwig 
(1730-1799), who is often called the father 
of bryologv. The Marchantiopsida were 
first established as a group (under the 
name Hepaticae) by the French botanist 
Antoine Laurent de Jussieu in 1789. Jussieu 
and his successors for more than a century 
included the Anthocerotopsida, or horned 
liverworts, with the Hepaticae. The Antho- 
cerotopsida were first raised to the status of 
a class coordinate with the Marchantiopsida 
(Hepaticae) by the American botanist 
Marshall Avery Howe (1876-1936) in 
1899. 


MES 


weer 


CHARACTERISTICS OF BRYOPHYTES 





more than a few inches long and never 
rising more than a few inches above the 
surface of the substrate. The gametophyte 
is always photosynthetic and is gcnerally 
larger and more conspicuous than the 
sporophyte, which often appears to be 
merely a stage in the reproduction of the 
gametophyte. Gametophytes of all land 
plants are inherently limited in size. In the 
bryophytes and related groups, the plant 
is still dependent on water as a medium 
in which the sperm swims to the cgg, and 
therefore the sexual structures cannot be 
raised much above the level of the sub- 
strate. The sporophyte of bryophytes, be- 
ing more or less dependent on the necessar- 
ily small gametophyte, is also inherently 
limited in size. Because of their small 
size, the bryophytes have no need for a 





Fig. 17.1 Johann Hedwig (1730-1799), German 
botanist, the “father” of bryology. 
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specialized conducting system; if their an- 
cestors ever had such a system, the ma- 
jority of modern bryophytes have lost it. 
Some of the larger mosses, such as Polytri- 
chum, the hairy-cap moss, do have a cen- 
tral strand of elongate, rather thick-walled 
cells, but these are structurally less modi- 
fied than tvpical xylem cells, and their 
function in water conduction is still de- 


batable. 
The sporophyte has the diploid (2n) 


number of chromosomes. It is typically 
an unbranched structure, attached to the 
gametophyte by a basal region called the 
foot, and producing spores in a terminal 
sporangium called the capsule. Usually the 
capsule is elevated above the foot on a 
slender stalk called the seta. In a few 
genera the sporophyte consists only of a 
capsule and its contents, the foot and seta 
being suppressed. 

The spores are the direct products of 
meiosis. Since they have the reduced 
(haploid) number of chromosomes, the 
spores represent the, first stage in the ga- 
metophyte generation. After being liber- 
ated from the capsule, the spores germinate 
and eventually give rise to green, photo- 
synthetic gametophytes, which may be 
strictly thallose or may be divided into 
stem-like, leaf-like, and _ root-like parts. 
True roots, stems, and leaves of higher 
plants are sporophytic rather than gameto- 
phytic structures, and they regularly con- 
tain xylem and phloem, which are un- 
known in the bryophytes. The root-like 
organs of the gametophytes of bryophytes 
are called rhizoids. Rhizoids of the Antho- 
cerotopsida and Marchantiopsida function 
principally or wholly as anchoring struc- 
tures; in many of the Bryopsida they ap- 
pear to be effective in the absorption of 
water and minerals, as well as in anchor- 
age. The stemlike and leaf-like organs of 
bryophytes are often loosely called stems 
and leaves, but they are more properly 
called caulidia (sing., caulidtum) and 
phyllidia (sing., phyllidium). 

The antheridia and archegonia of bry- 
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ophytes are eithcr microscopic or barely 
visible to the naked eye. They are borne 
on the same or different gametophytes, ac- 
cording to the species or genus. The arche- 
gonium is formed by a series of mitotic di- 
visions from a primary archegonial cell. 
The first divisions are vertical, leading to 
a four-celled structure consisting of a sin- 
gle central axial cell and three peripheral 
jacket cells. Just before maturity the arche- 
gonium is a closed, flask-shaped structure, 
with a swollen base, called the venter, and 
a long, slender neck, capped by four cover 
cells. The venter of the archegonium is 
occupied by the large, naked egg cell. Im- 
mediately above the egg cell is the ventral 
canal cell. Above the ventral canal cell is 
a row of 4 to 15 or more neck canal cells, 
occupying the interior of the neck of the 
archcgonium. The cgg cell, the ventral 
canal cell, the neck canal cells, and the 
cover cells are derived by a series of mi- 
totic divisions from the axial cell of the 
young archegonium. In the Marchantiop- 
sida the jacket of the mature archegonium 
is derived wholly from the three jacket 
cells of the young archegonium. In some of 
the Bryopsida some of the upper neck cells 
of the jacket are derived eventually from 
the axial cell, and the remainder of the 
jacket is derived from the original three 
jacket cells. In the Anthocerotopsida the 
lower cells of the venter are not derived 
from the archegonial initial at all; there- 
fore some botanists would not consider 
these cells to be properly part of the arche- 
gonium. When the archegonium is mature, 
the cover cells spread apart or fall off, and 
the neck canal cells and the ventral canal 
cell disintegrate to form a mucilaginous 
mass. 

The antheridium is formed by a se- 
ries of mitotic divisions from an antherid- 
ial initial cell. Just before maturity the 
antheridium is an ellipsoid or spherical 
structure with a multicellular jacket one 
cell thick enclosing a central mass of cells 
called androcytes. Each androcyte changes 
into a slender, elongate, apically biflagel- 


late sperm. The flagella are slightly un- 
equal in length and are both of the whip- 
lash type. The cell walls of the androcytes 
disappear during the metamorphosis into 
sperms, and at maturity the sperms lie in 
a viscous liquid. The antheridium then 
ruptures and the sperms swim about freely. 

Although most bryophytes are terres- 
trial rather than aquatic, they are depen- 
dent on water for the transfer of the sperm 
to the egg. A film of water from dew or 
rain is ordinarily sufficient, and the splash- 
ing of raindrops doubtless aids in the 
transfer in some cases. The sperms are at- 
tracted to the archegonia by chemical 
stimuli. Entering the opening at the end 
of the neck of the archegonium, the sperm 
swims through the mucilaginous material 
of the neck canal until it reaches the egg 
in the venter of the archegonium. 

Fusion of a sperm and an egg con- 
stitutes fertilization. Since it receives one 
full chromosome complement from each 
of the two gametes, the fertilized egg or 
zygote has the diploid (2n) chromosome 
number and constitutes the first step in 
the sporophyte generation. The zygote 
grows and undergoes a series of mitotie di- 
visions to form a multicellular embryo that 
obtains its nourishment from the gameto- 
phyte. ‘The embryo continues to grow and 
develops into a mature sporophyte which 
remains attached to the gametophyte. The 
developing and mature sporophyte may be 
wholly dependent on the gametophyte, or 
it may be green and manufacture some of its 
own food. 


Anthocerotopsida 
(Horned Liverworts ) 


DEFINITION 


The Anthocerotopsida, or horned liver- 
worts, may be defined as bryophytes with 
thallose, dorsiventral gametophytes with 
embedded archegonia and antheridia, and 


with a meristematic region (i.e., a region 
characterized by continued cell division) 
near the base of the sporophyte. YA term 







flattened; with the two flattened surfaces 
unlike. Human beings, for example, are 


q ivision. Therc are only 
wie 200 species of Anthocerotopsida, all 
of which belong to the single order Antho- 
cerotales. They occur in moist places 
throughout most of the world. Anthoceros 
(Fig. 17.2) is the most familiar genus in 
the temperate zone, the other genera being 
chiefly tropical. 


THE GAMETOPHYTE 


The gametophyte of the Anthocerotop- 
sida is a dorsiventral thallus commonly an 
inch or more long or across, with numerous 
unicellular rhizoids on the lower (ventral) 
surface. The thallus is more or less lobed 
or divided and is sometimes dichotomously 
branched (i.e., the main axis is repeatedly 
forked into two more or less equal parts). 
Each branch or lobe has a single apical 
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meristematic cell. The cells cut off from 
the apical cell usually divide a few more 
times before maturing into ordinary vege- 
tative cells. 

The vegetative cells of the main body 
of the gametophyte are all nearly alike, al- 
though the cells of the uppermost dorsal 
layer are commonly a little more regularly 
arranged than the other cells. ‘There is no 
pronounced internal differentiation of tis- 
sues. The older parts of the thallus have 
scattered intercellular cavities that open 
to the ventral surface by narrow slits. ‘These 
cavities are filled with mucilage and often 
contain colonies of the blue-green alga 
Nostoc. The functional relationship be- 
tween the gametophyte and the Nostoc 
colonies is still debatable and may depend 
at least partly on the circumstances. It may 
be suspected that under some circum- 
stances some of the atmospheric nitrogen 
fixed by the alga in its own metabolic 
processes is passed on in uscful form to 


the liverwort. 
The vegetative cells of the gameto- 


phyte usually contain a single large chloro- 
plast each, although some cells of some 
genera have two to eight chloroplasts in- 
stead. Each chloroplast has a single large 
pyrenoid which gives rise to starch gran- 
ules. The Anthocerotopsida diffcr from 
nearly all other Embryobionta in having 


Fig. 17.2 Anthoceros game- 
tophytes. (X2.) (Photo cour- 
tesy of J. Proskauer.) 
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pyrenoids, but these pyrenoids are not 
structurally identical with those of any of 
the algae. 

The mature thallus often dies from 
behind about as fast is it grows in front, 
and when the progressive death reaches a 
fork in the thallus, the separated parts 
continue to grow as distinct individuals. 
Vegetative reproduction also occurs in 
some genera by means of marginal thick- 
enings which develop a protective outer 
layer that enables them to survive periods 
of drought when the main thallus dies. 

Most members of the class are homo- 
thallic, but some are heterothallic, with 
the antheridia and archegonia borne on 
separate individuals of slightly different 
appearance. Individuals of homothallic 
species often produce the antheridia be- 
fore the archegonia. The antheridia and 
archegonia are embedded within the thal- 
lus. 

The antheridia (Fig. 17.4) are borne 
singly or in small groups, on short stalks 
in mucilage-filled antheridial chambers. 
The antheridium (or group of antheridia), 
the stalk (or stalks), and the layer of cells 
covering the antheridial cavity are all 
formed by a series of mitotic divisions 
from a single antheridial initial cell at the 
upper surface of the thallus. The first di- 
vision of this cell is parallel to the surface 
of the thallus, giving rise to an inner cell 
and an outer cell that soon become sep- 
arated by a mucilage-hlled cavity. By a 
series of further mitotic divisions, the outer 
cell develops into the cover of the antherid- 
ial chamber, and the inner cell develops 
into one or more antheridia and stalks. 
The cover of the chamber is one to several 
eells thick. Both the antheridial wall and 
the cover must rupture before the sperms 
can be released. 

The archegonia (Fig. 17.4) are borne 
singly, and the jacket layer is not sharply 
differentiated from the surrounding vege- 
tative tissue. The first divisions of the 
archegonial initial are vertical, giving rise 
to an axial cell surrounded by three jacket 


initials. The axial cell gives rise by a series 
of mitotic divisions to the egg, the ventral 
canal cell, the neck canal cells, and the 
four cover cells which become detached 
from the neck of the archegonium just 
before maturity. The jacket of the arche- 
gonium, formed by a series of mitotic di- 
visions from the three jacket initials, sur- 
rounds the neck and possibly, or probably, 
the sides of the venter. The cells directly 
underlying the venter are ordinary vegeta- 
tive cells not derived from the archegonial 
initial. Therefore they have often been 
considered not to be properly a part of the 
archegonium. 

Fertilization takes place in the usual 
bryophytic fashion, with the sperms swim- 
ming freely in a film of water and being 
attracted to the egg by chemical stimuli. 
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Fig. 17.3 Anthoceros. Part of sporophyte, in sec- 
tional and surface views, embedded in the game- 
tophyte. 
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THE SPOROPHYTE 


The embryo sporophyte which devel- 
ops by a series of mitotic divisions from the 
zygote is nutritionally dependent on the 
gametophyte. At the eight-celled stage the 
embryo consists of two tiers of four cells 
each. The four lower cells develop by a 
series of further mitotic divisions into a 
globose or invertedly hemispheric foot, 
which serves to anchor the sporophyte in 
the tissue of the gametophyte and through 
which nutriment and water are absorbed. 
At an early stage the lower cells of the foot 
have rhizoid-like projections, but these are 
wanting at maturity. No other bryophytic 
sporophytes bear anything resembling rhi- 
zoids. The four upper cells of the eight- 
celled embryo develop by a series of fur- 
ther mitotic divisions into the capsule. 

Just before maturity the capsule is an 
erect, slender rod commonly 1 or 2 inches 
long and about the thickness of a pencil 
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Fig. 17.4 Anthoceros. Life 
cycle; ca., capsule; co., 
columella; i., indusium; n.c., 
neck canal cell; r., rhizoid; 
V.C., ventral canal cell. 


lead. A cross section through the capsule 
shows four concentric layers of tissue: a 
solid central columella, a layer of sporog- 
enous tissue, a parenchymatous layer, 
and an epidermis. 

The columella consists of narrow, 
elongate, living cells with somewhat thiek- 
ened walls. These may perhaps serve as 
conducting cells, but they lack the special- 
ized features of either the xylem or thé 
phloem of higher plants. 

The layer of sporogenous tissue is one 
to four cells thick. Alternate transverse 
tiers of the sporogenous tissue develop into 
spore mother cells and sterile cells or chains 
of cells called elaters. 







duce spores. Elaters are narrow, elon- 
gate, dead cells found intermingled with 
the spores of many bryophytes. Elaters of 
Marchantiopsida are single cells with spi- 
rally thickened walls; they coil and uncoil 
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with changes in humidity, and their move- 
ment helps discharge the spores from the 
capsule. Elaters of Anthocerotopsida some- 
times resemble those of the Marchantiop- 
sida, but more often they have smooth or 
irregularly thickened walls; and they may 
be joined end to end in simple or branched 
chains of three to five cells. They are usu- 
ally less responsive to moisture changes. 

The parenchymatous tissue surround- 
ing the sporogenous layer of the eapsule 
contains chloroplasts and is photosynthetic. 
Species with the chloroplasts solitary in 
gametophytic cells have two chloroplasts 
in sporophytic cells; species with more than 
one chloroplast in gametophytic cells have 
more numerous chloroplasts in sporophytic 
cells, but fewer than twice as many. 

The epidermis consists of regular, ver- 
tically elongate cells with the outer and 
lateral walls strongly cutinized. Cutin is a 
waxy material, characteristie of epidermal 
cells of the Embryobionta, which retards 
the evaporation of watcr. Most Anthocero- 
topsida have definite stomates with charac- 
teristic guard cells in the epidermis of the 
sporophyte. The epidermis of other species 
lacks stomates as well as other intercellu- 
lar spaces. 

During the early stages of develop- 
ment of the sporophyte, the embryo is cov- 
ered by an upwardly growing sheath which 
develops from the jacket cells of the arche- 
gonium and the adjoining gametophytic 
tissue. Eventually the growing sporophyte 
breaks its way through the top of the 
sheath, which remains as an involucre at 
the base. The term involucre is applied to 
any structure which surrounds the base of 
another structure, without any implications 
as to the anatomical nature or evolutionary 
origin. The involucre of the Anthocero- 
topsida is roughly comparable to the calyp- 
tra of mosses and liverworts, which is de- 
rived wholly or mainly from the jacket of 
the archegonium. 

The upper part of the capsule matures 
first and begins to open along one to four 
definite lines which extend progressively 


downward from near the top. The valves 
(longitudinal segments) of the capsule 
wall sometimes spread apart from the tip, 
but often they remain joined at the tip 
and merely bow apart below. The lower 
part of the capsule (just above the foot) 
is permanently meristematic, but the me- 
ristematic cells are not all alike, and the 
columella, sporogenous tissue, and jacket 
can be distinguished all the way to the 
base of the capsule. The Anthocerotopsida 
are the only bryophytes with a persistently 
meristematic region in the sporophyte. 
The sporophyte continues to grow as 
long as the gametophyte remains vegeta- 
tively active, elongating from the base and 
opening from above. Although the sporo- 
phyte is green and evidently carries on 
some photosynthesis, it is basically de- 
pendent on the gametophyte. Sporophytes 
experimentally detached from the gameto- 
phyte may live for months, but they grow 







ey have 
een classed, in the relatively large, 
chlorophyllous, complex sporophyte whieh 









. These 
latter two features, at least, are presumably 
inherited from ancestors with larger and 
more complex sporophytes. ‘The modified 
stomates on the lower side of the gameto- 
phytes of some Anthocerotopsida likewise 
may be vestiges from a more complex an- 
cestral gametophyte with functional sto- 
mates. 


Marchantiopsida (Liverworts ) 


DEFINITION 


e _ Marchantiopsida, or liverworts, 









the Bryopsida usually have a columella. 
The capsule of liverworts usually contains 
elaters as well as spores. The gametophyte 
may be strictly thallose (thallose liver- 
worts) or may be differentiated into a 
caulidium with attached phyllidia (leafy 
liverworts). In either case the gametophyte 
is usually attached to the substrate by 
thizoids, and these are always unicellular. 
The anthendia and archcgonia always orig- 
inate from superficial cells, but they may 
become more or less enclosed by growth of 
the surrounding tissues. 

The more traditional name for the 
class Marchantiopsida is Hepaticae. Both 
this term and the common name, liver- 
wort, refer to the fancied resemblance of 
the outline of the thallus in some genera to 
the outline of the human liver. Under the 
Doctrine of Signatures, this resemblance 
led to the belief that the plants were good 
for ailments of the liver. 


OCCURRENCE 


Liverworts occur in moist places 
throughout the world but are most abund- 








a. Both the Anthocerotopsida and 
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ant in the tropics. They grow in swamps 
and bogs, on wet rocks and cliffs, on soil 
or rotting logs in dense woods, and as 
epiphytes on the bark and leaves of trees. 
A few species are found floating or sub- 
merged in water, and some others are 
found in sites which are alternately wet 
(or moist) and dry. The whole gameto- 
phytic thallus may go into a dormant state, 
returning to vegetative activity when proper 
conditions are restored, or only the apical 
tissues may survive, the remainder of the 
thallus succumbing to the drought. 


CLASSIFICATION 


There are about 5000 species of Mar- 
chantiopsida, distributed among six orders. 
All but a few hundred of these species be- 
long to the Jungermanniales, a cosmo- 
politan group of leafy liverworts. Most of 
the remainder belong to the Marchantiales 
and Metzgeriales, which are thallose liver- 
worts. The very small order Calobryales, 
with only four species, is transitional to- 
ward the mosses in some respects. 

Another order of some botanical inter- 
est is the Takakiales, consisting of only the 
genus Takakia, with a single species irregu- 
larly distributed around the rim of the 
Pacific basin from British Columbia to 





Fig. 17.5  Lophocolea, a 

leafy liverwort. (Left, X3; 
center, from beneath, X6.) 
Calobryum. (Right, 1-1/2.) 
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Japan and Borneo. Takakia was described 
only in 1958, and its sporophyte is still 
unknown, but the simple structure of its 
gametophyte (an irregularly branched axis 
with irregularly distributed, almost hairlike 
phyllidia) has led to some speculation that 
it may prove to be a very primitive type. 


REPRESENTATIVE GENERA 


PoRELLA 


Porella (Fig. 17.6) is one of the com- 
monest genera of leafy liverworts (order 
Jungermanniales) in the United States. 
Unlike many other Marchantiopsida, it is 
not limited to moist habitats but often oc- 
curs as a pioneer on dry rocks or as an 





Fig. 17.6 Porella, a leafy liverwort; above, top 
view; below, bottom view, showing rhizoids. (5.) 


epiphyte on the bark of trees, particularly 
in the southeastern United States. 

The gametophyte is olive or dull 
green, up to about 10 cm long, and 2-4 
mm wide, with a very slender, freely 
branched caulidium, and with well-de- 
veloped, relatively broad phyllidia. The 
phyllidia of the two dorsolateral rows are 
deeply and unequally bilobed, with a com- 
paratively large and broad, spreading dorsal 
lobe, and a much smaller, ventrally placed 
lobe lying parallel and adjacent to the 
lower side of the caulidium. There is a 
single median ventral row of phyllidia 
which somewhat resemble the ventral lobes 
of the dorsolateral phyllidia, so that super- 
ficially the plant appears to have three 
parallel rows of ventral phyllidia. The for- 
ward margin of each dorsolateral phyllid- 
ium overlaps the rear margin of the adja- 
cent phyllidium. This arrangement tends 
to channel drainage water toward the ven- 
tral surface of the gametophyte, whcre 
some of it is retained for a long time in 
tiny pockets that are bounded on the lower 
side by the ventral lobes of the dorsolat- 
eral phyllidia. Rhizoids are borne in clus- 
ters on the caulidia at the bases of the 
ventral phyllidia. They are unicellular, 
smooth-walled, and all about alike. There 
is little or no differentiation of tissues in 
the caulidia and phyllidia, and the phyl- 
lidia are only one cell thick. The oil bodies 
are minute and numerous in each cell. 
As in other leafy liverworts, there is a 
single meristematic apical cell on each 
branch. 

Leafy liverworts which grow in moister 
habitats than Porella generally do not have 
ventral lobes on the dorsal phyllidia, and 
often the phyllidia overlap in reverse man- 
ner, with the forward margin underlying 
rather than overlying the rear margin of 
the adjacent phyllidium. 

Antheridia of Porella are borne in the 
axils of slightly modified phyllidia on spe- 
cial antheridial branches which are other- 
wise not much different from the sterile 


branches. The axil of a leaf or phyllidium 
is the position or place at the point of the 
angle formed by the insertion of the leaf 
(or phyllidium) on the stem (or caulid- 
ium). A structure whieh is axillary thus 
lies between the stem (or caulidium) and 
the base of the leaf (or phyllidium). Each 
antheridium develops from a single super- 
ficial antheridial initial cell. The anthe- 
ridia are globose and are borne on definite 
stalks. 

The archegonia are borne at the tips 
of special archegonial branches, the apical 
cell functioning as the archegonial initial. 
The two or three dorsolateral phyllidia 
nearest the archegonium are laterally fused 
to form a cup-shaped perianth surrounding 
the archegonium. The term perianth is 
more generally used for the cnclosing outer 
parts of flowers of the Magnoliophyta 
(angiosperms) and is applied herc only by 
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analogy. The archegonium has a relatively 
stout neck and not much enlarged venter. 
The jacket of the venter and the lower part 
of the neck become two cells thick before 
fertilization. 

Fertilization takes place in the usual 
bryophytic fashion. The venter of the ar- 
chegonium enlarges with the growth of 
the young sporophyte, forming a calyptra, 
but eventually the seta of the sporophyte 
elongates and the capsule ruptures the 
calyptra and is exerted beyond the peri 
anth. The scta of Porella does not become 
nearly so long as that of many other genera 
of the Jungermanniales. The jacket of the 
capsule is more than one cell thick; at ma- 
turity it opens along four longitudinal 
lines, releasing the spores. The spores are 
distributed by wind, and under proper 
conditions they germinate to form new 
gametophytes. 





EMBRYO“! * 
SPOROPHYTE 


| 





SPOROPHYTE 


Fig. 17.7 Porella. Life cycle; 
c., capsule; n.c., neck canal 
r. cell; p., perianth; r., rhizoid; 
s., seta; v.c., ventral canal cell. 
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MARCHANTIA 


Marchantia (Fig. 17.8), a common 
and widely distributed genus in temperate 
regions, 1s the liverwort most commonly 
studied in general botany courses, although 
it is a rather highly specialized type, hardly 
typical of the class as a whole. The gameto- 
phyte is a flat, ribbon-shaped, dichoto- 
mously branched thallus commonly 2-3 
inches long and well under | inch wide, 
with a thickened midrib along each branch. 
There is a transverse row of meristcmatic 
apical cells in a notch at the end of each 
branch. The cells cut off from the apical 
cells may undcrgo several furthcr divisions 
before becoming mature cells of one or 
another sort, but only the apical cells re- 
main permanently meristematic. 

The lower side of the thallus bears 
two or more rows of multicellular scales 
and two kinds of rhizoids» Some of the 
thizoids have smooth walls; others have 


internal projections from the walls. The 


smooth-walled rhizoids penetrate the soil 


as agents of anchorage and possibly ab-- 


sorption. The tuberculate-walled rhizoids 


grow parallel to the lower surface of the 
thallus on top of the soil. It has been sug- 
gested that they tend to channel surface 
water inward from the margins of the- 
thallus by capillary action, thus helping to. 
distribute the supply of water to all ab- 
sorptive parts of the thallus. 


The thallus is divided into a thin, 
upper, chlorophyllous layer and a thicker, 
lower, colorless layer. ‘The colorless part 
consists largely of more or less isodiametric 
parenchyma cells, except for the mid- 
rib. The cells of the midrib are elon- 
gate and have locally thickened walls. The 
epidermis covering the upper surface of the 
thallus is chlorophyllous and is visibly 
marked off into small polygons, each with 
a central pore. Each pore opens below into 
a separate air chamber which is bounded 
all around by a layer of chlorophyllous 
cells. The partitions between the air cham- 
bers are mostly only one cell thick and con- 
sist wholly of chlorophyllous cells. Short, 
simple or branched, chlorophyllous fila- 
ments of one to several cells each extend 
upward into the air chamber from its floor. 





Fig. 17.8 Marchantia. Left, male; right, female. (Photos courtesy of A. R. Grove.) 


Marchantia is believed to be derived from 
leafy liverworts similar to the Jungermanni- 
ales, and it has been suggested that the 
upper epidermis and the partitions between 
the chambers represent the highly modi- 
fied, incurved and fused dorsolateral phyl- 
lidia. 

The pore opening into an air chamber 
is bounded by a ring of nonchlorophyllous 
cells arranged in thrce or four vertical tiers 
to form a barrel-like structure. The cells 
of the lowermost tier surrounding the pore 
change shape with changes in turgor. Under 
conditions of water deficiency, a basal 
flange from each of these cells extends out 
into thc pore, constricting or closing the 
opening. Thc narrowing or closing of the 
pores tcnds to minimize the evaporation 
of water from internal tissues during dry 
periods, but the mechanism is evidently 
much lcss efficient than the stomatal ap- 
paratus of the sporophytes of highcr plants. 
The two mechanisms are merely analogous 
rather than homologous; they have no 
phyletic relationship to each other. 

Stomates of higher plants and the 
analogous structures of Marchantia, are 
evolutionary responses to the same prob- 
lem: how to permit the exchange of gases 
necessary for photosynthesis without sub- 
jecting the plant to injurious or fatal dcsic- 
cation when water uptake fails to balance 
the loss by transpiration. ‘Transpiratiom 
is the evaporation of water from the living 
cells of a plant. A rate of water uptake 
which would be sufficient under ordinary 
circumstances might be insufhcient on an 
especially hot, dry day; and a rate of tran- 
spiration which could be sustained under 
ordinary conditions might be too much if 
the soil is drier than usual. Therefore any 
mechanism which permits the access of 
air to photosynthetic cells under ordinary 
conditions, while restricting or preventing 
that access under conditions of excessive 
transpiration, has survival value. 

Vegetative reproduction in Marchan- 
tia commonly occurs by death of the older 





DIVISION BRYOPHYTA: BRYOPHYTES 293 


parts of the thallus, leaving the separated 
branches as independent plants. Adventi- 
tious branches may also be formed on the 
ventral surface of the thallus, followed by 
death and decay of the connecting tissues. 
The term adventitious*is applied to any 
structure, in the bryophytes or elsewhere, 
which arises from mature tissues, or from tis- 
sues that would not ordinarily be expected 
to produce such a structure. 

The thallus of Marchantia also bears 
on its upper side some small open cups, 
each of which contains several vegetative 
reproductive bodies called gemmae. A 
gemma develops by a series of mitotic cell 
divisions from a single superficial cell of 
the floor of the cup. At maturity the 
gemma is just large enough to. be readily 
visible to the naked eye. It is multicellu- 
lar, more or less discoid, several cells thick 
at the middle, but only one cell thick at 
the margin. There is a shallow median in- 
dentation on each of the two lateral mar- 
gins, with a row of apical cells in each in- 
dentation. Mc 






gemma is attached to the floor of the 
cup by a short, one-celled stalk. Discharge 
and swelling of mucilage from club-shaped 
mucilage cells intermingled with the gem- 
mae breaks them from their stalks and 
forces them out of the cup. Œ 


original tissues of the gemma eventually 
decay, leaving two thalli growing in op- 
posite directions. 

Archegonia and antheridia of Mar- 
chantia are usually borne on different ga- 
metophytes. The antheridia (Fig. 17.9) 
are borne at the top of a special upturned 
branch called an antheridiophore, and the 
archegonia are likewise borne on an arche- 
goniophore. The antheridiophore is ex- 
panded at the top to form a shallowy 
eight-lobed disk, commonly about 1⁄4 inch 
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wide, that bears numerous antheridia. Each 
antheridium originates from a single super- 
ficial cell, but the surrounding tissues grow 
up around it, so that at maturity the an- 
theridium is enclosed in an antheridial 
chamber connected to the surface by a 
narrow opening. 

The young archegoniophore is ex- 
panded at the top to form a shallowy eight- 
lobed disk, and a radial row of several mi- 
croscopic archegonia extends toward the 
tip of each lobe. Each archegonium (Fig. 
17.10) develops from a superficial cell of 
the disk. Just before fertilization it has a 
long slender neck and an enlarged venter 
occupied by the egg. The disk of the ar- 
chegoniophore is only slightly raised above 
the thallus when fertilization occurs. Fer- 
tilization takes place in the usual bryo- 
phytic way, with the sperms swimming 
through a film of water and being at- 
tracted to the egg by chemical stimuli. 
Splashing of raindrops often aids in the 
distribution of the sperms. 

After fertilization the archegoniophore 
continues to grow, commonly reaching a 
length of about an inch. Meanwhile the 
disk expands and the margins become in- 


Fig. 17.9 Marchantia. 
Antheridia in long section. 
(Courtesy CCM: General Bio- 
logical, Inc., Chicago.) 


flexed, so that the archegonia are directed 
downward, and a series of stout cylindrical 
processes a few millimeters long develop 
from the disk. These appendages (rays) 
radiate outward from the center and droop 
beyond the margins of the disk. After the 
margins of the disk have become inverted, 
a flange of tissue grows out along each 
side of each row of archegonia, forming a 
hanging, curtain-like involucre. The tissue 
adjoining each archegonium also grows 
out around the archegonium to form a thin 
sheath open at the end. ' 







young sporophyte is thus successively en- 
closed by the calyptra, the sheath surround- 
ing the calyptra, and the involucre which 
veils the row of archegonia (calyptrae). 
The fertilized egg, or zygote, has 2n 
chromosomes and marks the first step in 
the sporophyte generation. The zygote un- 
dergoes a series of mitotic divisions to pro- 
duce a pendent multicellular sporophyte 
(Fig. 17.11) a few millimeters long, com- 
posed of a foot, seta, and capsule. The 
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Fig. 17.11 Marchantia. Sporophyte in long sec- 
tion. (Courtesy of TRIARCH INCORPORATED, 
George H. Conant, Ripon, Wis. 54971.) 
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Fig. 17.10 Marchantia. Arche- 
gonium in long section. (Cour- 
tesy CCM: General Biological, 
Inc., Chicago.) 


cells of the seta elongate considerably and 
rather suddenly as the sporophyte ap- 
proaches maturity, and the mature cap- 
sule, after having ruptured the calyptra, 
is exserted shortly beyond the sheath and 
involucre. The foot, seta, and capsule all 
contain chloroplasts, but the sporophyte 
makes only a small proportion of the food 
it uses. The water and most of the food 
used by the sporophyte are absorbed from 
the gametophyte through the foot. 

The wall of the capsule is only one 
cell thick. At maturity it splits lengthwise 
from the tip into an indefinite number of 
segments. All the interior cells of the cap- 
sule generally develop into either spores or 
elaters. The elaters, which are differenti- 
ated before the spore mother cells are 
formed, are very long, slender cells, dead 
at maturity, with spirally thickened walls; 
they coil and uncoil with changes in mois- 
ture, hclping to expel the spores after the 
capsule has opened. 

Each spore mother cell in the capsule 
undergoes reduction division to produce a 
tctrad of spores. 
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A spore which lodges in a suitable 
place germinates to produce an irregular 
filament of several cells. A cell at the tip 
of the filament then begins to function as 
an apical cell, eventually producing a new 
gametophytic thallus. 


Bryopsida (Mosses ) 


DEFINITION 


The Bryopsida are bryo- 


phytes in which 


mosses), 










es that have well- -developed, 
mostly equal phyllidia more or less spirally 
and symmetrically arranged around a cau- 
lidium. The protonema is usually a transi- 
tory stage that dies after the gametophores 
have become established. The gameto- 
phore is ordinarily the conspicuous and 
persistent part of the moss plant. It super- 
ficially resembles a small leafy stem, but it 
lacks xylem and phloem. The phyllidia 
generally originate in three (seldom two) 
rows, corresponding to the three cutting 
sides of the apical cell, but further growth 
of the caulidium often obscures the ar- 
rangement. Rhizoids of mosses are uni- 
seriate, multicellular filaments with di- 


agonally slanting cross walls. ‘They are 
borne on the protonema and usually also 
(except in Sphagnum) on the gameto- 
phores, serving as agents of anchorage 
absorption. 








The sporophyte may or may not con- 
tain chlorophyll, but it is always at least 
partly dependent on the gametophyte for 
its nutrition. The capsule of the moss 
sporophyte is usually more complex than 
that of other bryophytes, with a larger pro- 
portion of sterile tissue. It usually has a 
central columella, which may or may not 
reach the tip of the capsule. There are no 
elaters. 


OCCURRENCE 


Mosses occur in a wide variety of ter- 
restrial or subaquatic to occasionally fully 
aquatic habitats, from the tropics to the 
polar regions, but they are espccially com- 
mon as pioneers on bare rock or on earth 
surfaces in moist regions. Many of them 
are found as epiphytes on the bark of 
trees, although the “moss” of tree trunks 
more often consists largely of algae such 
as Pleurococcus. Shingle roofs in moist re- 
gions often develop a coating of mosses, 
especially just below the end of each row 
of shingles. 


CLASSIFICATION 


There are three well-defined groups of 
mosses. These have traditionally been 
treated as three orders, the Andreaeales, 
Sphagnales, and Bryales. The Andreaeales 
and Sphagnales are relatively small and 
homogeneous groups; the Bryales are more 
varied and have many more species. Many 
modern bryologists prefer to consider these 
three groups as subclasses, the Andreaeo- 
brya, Sphagnobrya, and Eubrya. the Eu- 
brya are then divided into a number of 
closely related orders. For our purposes the 
traditional classification, as presented in 
the following key, will suffice. 


l. Columella not reaching the summit of the capsule; sporophyte becoming elevated on a 
pseudopodium of gametophytic tissue, without a prominent seta; protonema broadly thal- 
lose; capsule never with an operculum fringed by a peristome 

2. Capsule opening along four longitudinal lines; caulidium not differentiated into a cortex 
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and central cylinder; maturc gametophores with numerous rhizoids along their length; 
cells of the phyllidia all chlorophyllous, not of two markedly contrasting types; generally 


several gametophores formed from each protonema 


1. Andreaeales 


2. Capsule opening by a lid; caulidium differentiated into a cortex and central cylinder; 
mature gametophores without rhizoids; cells of the phyllidia of two strongly contrast- 
ing types, one with chlorophyll, one without; only one gametophore formed by each 


protonema 


2. Sphagnales 


1. Columella reaching the summit of the capsule and attached to it; sporophyte commonly 
with an elongate seta, not borne on a gametophytic pseudopodium; protonema generally 
filamentous, seldom broadly thallose; capsule generally opening by a lid (operculum), 
with a specialized peristome, or sometimes opening irregularly; mature gametophores with 


rhizoids at the base, or scattered along prostrate branches 


3. Bryales 





BRYALES 


The Bryales consist of some 14,000 
species and make up the bulk of the class 
Bryopsida. They occur in a wide variety of 
climates and habitats on all continents. 
They differ from other mosses in ways 
which have been summarized in the fore- 
going key. 


THe GAMETOPHYTE 


A spore of a member of the Bryales 
usually germinates to produce a filamen- 
tous, branching protonema which resem- 
bles a filamentous green alga. The proto- 
nema lies on the surface of the substrate 
and sends down occasional branches which 
penetratc the surface as rhizoids. ‘The 
thizoids differ from the rest of the proto- 
nema in having small or no chloroplasts, 
in having slanting rather than dircctly 
transverse cross walls, and in having a 
brownish rather than colorless cell wall. 
The differences are a direct response to 
the environment: parts of rhizoids €x- 
posed at the surface have large chloroplasts 
and resemble the rest of the protonema. 
The body of the protonema, exclusive of 
the rhizoids, is often called the chloronema. 
Eventually some of the older cells of the 
chloronema produce erect lateral branches, 
each of which, after a series of mitotic di- 
visions, differentiates a meristematic apical 
cell and develops into a gametophore. ‘The 
lower part of the gametophore soon pro- 


duces rhizoids which act as anchoring and 
absorbing organs, and the protonema then 
generally dies. 

The phyllidia of the gametophore vary 
in structure, according to the genus and 
species. Typically they are one cell thick 
except for a slightly thickened midrib of 
elongate, thick-walled cells that lack chlor- 
oplasts. Sometimes there is no midrib and 
the cells are all alike. In some genera such 
as Polytrichum, the hairy-cap moss, the 
phyllidium has a relatively broad central 
band which has many closely set, thin, 
longitudinal photosynthetic ridges several 
cells high and one cell thick arising from 
the upper surface. 

The caulidium is differentiated into 
an epidermis, a cortex, and a solid central 
cylinder. The epidermis is one to several 


cclls thick and contains chloroplasts. The 
cells of the cortex usually have chloroplasts 
when young but not at maturity. ‘The cen- 
tral cylinder consists of vertically elongate 
cells that are narrower than the cortical 
cells and often have thick walls. A band 
of similar elongate cells often connects the 
central cylinder to the midrib of the phyl- 
lidium. It has been thought that these 
elongate cells of the midrib and central 
cylinder serve in the conduction of water; 
but this is still debatable, and at least in 
many mosses their main function seems to 
be mechanical strengthening. 

Some kinds of mosses have the ga- 
metophores differentiated into prostrate 
and erect branches. The prostrate branches 
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Fig. 17.12 Polytrichum, the 
hairy-cap moss. (Slightly less 
than natural size.) (Courtesy 
CCM: General Biological, 
Inc., Chicago.) 


Fig. 17.13 Life cycle of a 
moss; c., capsule; n.c., neck 
canal cell; o.a., operculum of 
the antheridium; o.c., oper- 
culum of the capsule; p., 
peristome; r., rhizoid; s., 
seta; sp. t., sporogenous tis- 
sue; v.C., ventral canal cell. 


periodically give rise to additional erect 
branches, and after the prostrate branch 
dies its erect offshoots persist as separate 
plants. Many mosses also produce small 
multicellular gemmae on the phyllidia or 
caulidia. After becoming detached, these 
gemmae develop into new gametophores. 
Rhizoids of either the protonema or the 
gametophore may produce globular gem- 
mae of 20 to 30 colorless cells attached to 
the rhizoid by a several-cellcd stalk. ‘hese 
generally remain dormant unless and until 
they become detached from the rhizoid, 
after which they may develop into gameto- 
phores. 

The archegonia and antheridia are 
borne in clusters at the tips of the branches 
or main axis of the gametophore. Accord- 
ing to the species, the two types of sex or- 
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Fig. 17.14 Antheridia of Mnium affine, a moss. ( 
Products, Ripon, Wis.) 





Courtesy of E. J. Kohl, La 
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gans are intermingled in a single cluster, or 
are produced in separate clusters on the 
same branch, or on separate branches of 
the same gametophore, or on different in- 
dividuals. Often they are intermingled 
with multicellular hairs called paraphyses. 
Both antheridia and archegonia originate 
from supcrficial cells of the caulidium and 
are borne on short erect stalks. The venter 
of the archegonium is not much thicker 
than the long, slender neck. 

One or more cells at the top of the 
jacket of the antheridium (Fig. 17.14) are 
differentiated as a lid or operculum. The 
cells of the operculum are larger than other 
jacket cells, with thicker walls and more 
transparent protoplast. When a mature 
antheridium is moistened, it absorbs water, 
and the resulting internal pressure forces 














keside Biological 
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off the operculum, releasing the sperms. 
The antheridium does not usually open 
without being moistened. Fertilization 
takes place in the usual bryophytic way, 
with the sperms swimming actively in wa- 
ter and being attracted to the egg by chemi- 
cal stimuli. 

The archegonium (Fig. 17.15) en- 
larges somewhat with the growth of the 
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Fig. 17.15 Archegonium of Mnium affine, a moss. 
(Courtesy of E. J. Kohl, Lakeside Biological Pro- 
ducts, Ripon, Wis.) 


embryo sporophyte, and is thenceforth 
called the calyptra. Growth of the calyptra 
is soon outpaced by that of the sporophyte, 
and the severed upper part of the calyptra 
remains perched atop the sporophytc until 
the capsule is nearly mature. Often this 
severed part of the calyptra continues to 
enlarge for some time, and in genera such 
as Polytrichum, the hairy-cap moss, it forms 
a very prominent cap. In some mosses the 
cells of the archegonium stalk begin to di- 
vide after fertilization takes place, so that 
the developing embryo seems to migrate 
down into the stalk area, and the calyptra 
is then derived largely by continued divi- 
sion from the stalk cells, with the neck and 
side walls of the archegonium forming 
only the top of the calyptra. 


THE SPOROPHYTE 


The mature sporophyte consists of a 
basal foot, a slender, more or less elongate 
seta sometimes as much as several inches 
long, and a terminal capsule 1 to scveral 
millimeters long in which the spores are 
borne. The foot is anchored in the gameto- 
phore and serves to absorb food and water. 
Usually the seta has a differentiated cen- 
tral strand more or less similar to that of 
the gametophore. 

The capsule (Fig. 17.16) generally 
contains several different tissues. Often the 
basal part has a spongy photosynthetic 
layer with large intercellular spaces, sur- 
rounding a solid sterile core, and enclosed 
by a colorless epidermis with well-devel- 
oped stomates of the type found in vascu- 
lar plants. The spores originate from a layer 
of sporogenous tissue commonly two cells 
thick which surrounds the solid central 
columella. The columella, which extends 
from the base to the top of the capsule, 
may or may not have chloroplasts. The 
tissue surrounding the sporogenous layer 
is several cells thick and often has chloro- 
plasts. The epidermis consists of thick- 
walled cells, commonly with scattered sto- 
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Fig. 17.16 Left, capsule of Polytrichum, in long section. (Courtesy of E. J. Kohl, Lakeside 
Biological Products, Ripon, Wis.) Right, capsule of Dicranella varia, a moss, showing 
prominent peristome. (X about 75.) (Courtesy of Herbert Holliger.) 


mates. The amount of food manufactured 
by the sporophyte varies with the species 
and the conditions, but the sporophyte 1s 
always at least partly dependent on the 
gametophyte and never has its own con- 
nection to the ground. 

The capsule usually has a well-defined 
lid, or operculum, delimited at the base by 
a ring (annulus) of thin-walled epidermal 
cells. The cells of the annulus and the 
lower internal cells of the operculum 
shrivel and dry as the capsulc matures, so 
that the operculum is shed from the cap- 
sule. The mouth of the capsule is then sur- 
rounded by a peristome (Greek, literally, 
around the mouth) commonly consisting 
of two rings of teeth which project inward 
from the margin and often close the open- 
ing. In dry weather the teeth bend out- 
ward and permit the discharge of spores; 


in wet weather they bend inward and re- 
tain the spores. The original abscission of 
the operculum is probably caused partly 
by these hygroscopic movements of the 
tecth of the peristome. 

In a few genera of Bryales, the capsule 
has no operculum and no peristome. In 
these the capsule may split lengthwise, 
crosswisc, or irregularly, but not in four 
definite lines as in the Andreaeales. In 
genera without an operculum, the col- 
umella’ often disappears before the capsule 
is mature. 


ANDREAEALES 


The Andreaeales, or granite mosses, 
consist of a single family, the Andreaea- 
ceae, with only two genera. Andreaea has a 
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little over 100 species, whereas Neuroloma 
has only one. The plants are largely re- 
stricted to arctic or alpine regions, where 
they grow exclusively on acid or siliceous 
rock, such as granite. The mature gameto- 
phore is brownish or blackish, owing to a 
diffuse pigment which more or less masks 
the chlorophyll. The essential characters 
of the group have been indicated in the 
key to the orders of mosses on an earlier 


page. 


SPHAGNALES 






Sphagnales, or peat mosses, con- 
sist of a single family, the Sphagnaceae, 
which contains only the genus Sphagnum, 
with about 300 species. Sphagnum (Fig. 
17.18) 1s common in moist or wet places in 
cool-temperate or arctic regions that are 
low in calcium, often forming extensive 
sphagnum bogs. The chemical activities of 
Sphagnum tend to increase the acidity of 
the surrounding water, through a colloidal 
absorption process that results in the break- 
down of salts and release of the correspond- 
ing acids. Calcium evidently interferes with 
this process and hinders or prévents the 
plant from establishing the acid conditions 
necessary for optimum growth. 


Fig. 17.17 Schistostega pen- 
nata, a cave moss with lens- 
like cells which concentrate 
the available light on the 
single chloroplast of each 
cell. (Courtesy of Robert 
Giesy.) 


Decay proceeds very slowly under 
sphagnum bog conditions, and, as growth 
of the gametophores continues from above, 
the remains of the lower parts of the 
gametophores and of associated plants of 
other kinds accumulate as peat. In Ireland 
and some other northern countries, peat is 
used for fuel after being dug and allowed 
to dry for several months. The record of 
major vegetational changes over periods of 
thousands of years can often be deciphered 
by identification of the pollen grains of 
other plants preserved at successive depths 
in a peat bog. Many individual sphagnum 
bogs have been in existence since the close 
of the Pleistocene glaciation. 

A germinating spore of Sphagnum 
gives rise to a short, few-celled filament. 
The terminal cell of the filament soon be- 
gins to function as an apical meristematic 
cell with two lateral cutting faces, leading 
to the formation of a small, flat, thallose 
protonema one cell thick. Some of the 
marginal cells of the protonema remain ac- 
tively meristematic, and the protonema 
soon tends to become irregularly lobed. 
Any marginal cell may give rise to a new 
filament which develops into a new proto- 
nema. Rhizoids are usually restricted to 
the posterior end of the protonema. 

A Spaghnum protonema gives rise to 





a single gametophore, which develops 
from marginal cells near the rear. The 
gametophore has an apical meristematic 
cell with three lateral cutting faces, and 
cach cell cut off by the apical cell develops 
by a series of further divisions into a phyl- 
lidium and part of the caulidium. Every 
fourth phyllidium generally subtends a 
group of axillary branches. Some axillary 
branches droop; others are more or less 
erect and resemble the main shoot on 
which thcy are borne. As the older parts of 
the gametophore die and decay, the 
branches become separated from each other 
and continue to grow as independent, 
closely massed plants. The gametophores 
do not have rhizoids. 

The caulidium is more or less strongly 
differentiated into a central cylinder and a 
surrounding cortex. The cells of the cen- 
tral cylinder are smaller and often have 
thicker walls than the cortical cells. ‘The 
phyllidia are one cell thick and are usually 
composed of two very different kinds of 
cells in a regular pattern. Some of the cells 
are long and narrow and contain chloro- 
plasts. Others are somewhat longer and 
much broader, with spirally thickened 
walls and without living contents. A cross 
section of the phyllidium shows regularly 
alternating chlorophyllous and colorless 
cells. The colorless cells absorb water and 
release it only gradually under conditions 
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Fig. 17.18 Sphagnum squar- 
rosum, showing gameto- 
phores and _ sporophytes. 
(Courtesy of Frances Wynne 
Hillier.) 


of drought. It is because of this water-re- 
taining capacity that Sphagnum is com- 
monly used to pack the roots of live plants 
for shipment. Often some of the cortical 
cells of the caulidium develop spirally 
thickened walls and function in the same 
way as the colorless cells of the phyllidia. 

The archegonia and antheridia of 
Sphagnum are borne at or near the tips 
of short branches on the same or different 
gametophores, according to the species. 
The antheridial and archegonial initials 
are superficial cells of the caulidium, and 
the apical cell itself commonly becomes 
one of the archegonial initials. Sex organs 
of both types are borne on definite stalks. 
Fertilization takes place in the usual bryo- 
phytic way. 

After fertilization the venter of the 
arehegonium enlarges to form a calyptra 
that encloses the sporophyte until it 1s 
nearly mature. At maturity the sporophyte 
consists of a broadly ellipsoid capsule sur- 
mounting a basal foot. The foot is em- 
bedded in a gametophytic pseudopodium 
which commonly elongates to a length of 
1 to several millimeters as the sporophyte 
approaches maturity, raising the capsule 
shortly above the surrounding phyllidia. 

The capsule is commonly 2-3 mm 
long and has a central columella that does 
not reach the tip. The jacket of the cap- 
sule is several cells thick and contains 
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chloroplasts until near maturity. The outer 
layer of the jacket commonly has stomates 
of the same type found in higher plants, 
but these are poorly developed and scarcely 
functional. As the capsule matures, the 
walls of the superficial cells of the jacket 
become strongly thickened, except for a 
ring of cells which remain thin-walled and 
mark off a definite operculum, At maturity 
the now blackish capsule dehisces (opens 
along a predetermined line) explosively, 
often shooting the operculum and spores 
several inches into the air. - 





the n ae of Speen are much 
less often seen than those of other mosses. 


Concluding Remarks on 
Bryophytes 


ECONOMIC IMPORTANCE 


The bryophytes are economically less 
important than some other groups of 
plants. They are frequently pioneers on 
exposed surfaces that have little or no other 
vegetation, and their role as soil builders 
in the long process by which a bare rock 
surface becomes covered with soil is dis- 
cussed in Chapter 39. Sphagnum was oncc 
widely used for surgical dressings. The use 
of Sphagnum for packing plants for ship- 
ment has been noted earlier, as has also 
the use of peat for fuel. 


FOSSILS 


Fossils of bryophytes are rather rare, 
probably because of the delicate nature of 
the plant bodies. Most of the fossils are 
too fragmentary to permit close compari- 
son with existing genera, but the liverworts 





can be traced all the way back to the Up- 
per Devonian period, and the mosses to 
the Upper Carboniferous. The fossils do 
not tend to connect the bryophytes with 
any other division. 

One of the best-known fossil genera 
of bryophytes is Naiadita, which is well 
represented in some Triassic and Jurassic 
deposits. All parts of the gametophyte are 
known, including rhizoids, caulidia, phyl- 
lidia, archcgonia, and antheridia. ‘The spor- 
ophyte consists of a small globular capsule 
borne on a presumably gametophytie stalk. 
Natadita is generally regarded as a liver- 
wort, but the arrangement of equal phyl- 
lidia in a spiral around the caulidium is 
also suggestive of mosses. 


RELATIONSHIPS 


Most botanists are agreed that- the 
bryophytes are related to the vascular 
plants, particularly the rhyniophytes, and 
that both the bryophytes and the vascular 
plants are derived from the green algae. 
Some of the evidence on which these con- 
clusions are based is summarized in the 
opening paragraphs of this chapter. 

It has traditionally been thought that 
the bryophytes represent a more or less 
direct link between the green algae and 
the vascular plants, and that the evolution 
of the land plants from the green algae 
follows a course of progressive elaboration 
of the sporophyte accompanied by reduc- 
tion of the gametophyte. The more gen- 
eral view today is that the bryophytes are 
derived from the green algae through pre- 
thymophyte ancestors in which both the 
gametophyte and the sporophyte were 
green and physiologically independent. 
These concepts are further discussed in 
Chapter 18. One of the most convincing 
bits of evidence pointing to the derivation 
of the bryophytes from ancestors with 
more complex sporophytes is the presence 
of stomates on many bryophytic sporo- 


phytes in which they have little or no 
functional importance. The stomatal ap- 
paratus is a complex evolutionary adapta- 
tion to the need of a land plant for access 
of air to internal photosynthetic tissues, 
without excessive evaporation during pe- 
tiods of water deficiency. It is not likely 
that such a mechanism would arise in ad- 
vance of the need. 

None of the three classes of bryo- 
phytes can be considered directly ances- 
tral to any of the others. Regardless of 
which view is taken as to the evolutionary 
history of the group, each class is advanced 
in some features and more primitive in 
others. There has probably been an evolu- 
tionary progression from erect gameto- 
phytes bearing three rows of equal phyl- 
lidia, to dorsiventral gametophytes with 
the ventral row of phyllidia reduced or 
wanting, to strictly thallose gametophytes 
without phyllidia. The thallose gameto- 
phyte of the Anthocerotopsida is thus inter- 
preted as among the most “advanced” in 
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the division, whercas the sporophyte is the 
least reduced and therefore the most prim- 
itive in the division, Even if the older 
viewpoint is accepted and the sporophyte of 
the Anthocerotopsida is considered to be an 
advance toward the condition of the vas- 
cular plants, the presence of pyrenoids in 
the chloroplasts of the Anthocerotopsida is 
still a primitive character not shared by 
other bryophytes. 


SUGGESTED READING 
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DIVISIONS 


PSILOTOPHYTA AND RHYNIOPHYTA 
Psilotophytes and Rhyniophytes 


Psilotum nudum. (Slightly less than natural size.) 





Vascular plants without roots, the sporophyte consisting of a branching 


stem with or without leaves, the leaves microphylls; gametophyte and 7} 





































a n m m 








@ g AMG 







iuiar. 








P”silotophny. 



















Vode Diants 








with T 2-3- Seas; sporangia borne on pecateee very short 
branches in the leaf axils. Rhyniophyta: Ancient fossils with simple, 
unilocular sporangia borne on ordinary vegetative branches. 


INTRODUCTION TO VASCULAR 
PLANTS 


The divisions Psilotophyta, Rhynio- 
phyta, Lyeopodiophyta, Equisetophyta, 
Polypodiophyta, Pinophyta and Magnolio- 
phyta make up a large group characterized 
by the presence of specialized conducting 
tissues in the sporophyte. These divisions 
are often collectively called the vascular 
plants. The gametophytes of vascular plants 
are always small, inconspicuous bodies 
which are scarcely more than stages in the 
reproduction of the larger and more con- 
spicuous sporophyte. The vascular plants 
clearly constitute a natural group, and 










efer to reeognize severa 
divisions of vascular plants, as is done in 
this text. The two points of view do not 
reflect any fundamental conflict of ideas 
on relationship. Those who object to plac- 
ing all vascular plants in a single division 
merely believe that such a classification 
minimizes the differcnces within the group, 
and that so large and varied a division 1s 
hardly comparable to the other recognized 
divisions of plants. | 






Tracheids are dead at maturity, without 





living contents. They give strength or 
rigidity to the plant and serve to conduct 
water and minerals. They have a well- 
developed secondary wall with a high pro- 
portion of lignin, a complex substance 
which was described in Chapter 3. 


At vat a level in a eel the ee 





which 
and that which matures latér is called’? 
. Protoxylem generally matures 
while the surrounding cells of other types 
are still immature and have not reached 
full length. ‘The secondary wall of a pro- 
toxylem cell is deposited i in a series of rings 
or in a spiral, allowing the cell to stretch 
with the growth of the surrounding tissues. 
The secondary wall of a mctaxylem cell 1s 
usually deposited in a network, or in a 
continuous sheet with scattered holes or 
pits. The wood of trees and shrubs consists 
of xylem, but the strands of xylem in the 
stems of herbaceous plants are not usually 
called wood. The structure of xylem 1s 
more fully discussed in Chapters 23 and 24. 





plast of a mature sieve =mi lacks a nu- 


cleus. Each sieve element is usually in con- 
tact with one or more normal parenchyma 
cells or specialized companion cells, and 
the cytoplasm of the adjacent cells is con- 
nected by plasmodesmata. It is believed 
that the nucleus of the adjoining cell func- 


tions for the protoplast of the sieve ele- 


ment as well. The sieve elements are 
connected to each other by groups of per- 
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forations in the wall, and the cytoplasm 1s 
continuous through the perforations, form- 
ing large, or very large, plasmodesmata. 
Each group of perforations is called a sieve 
area. In the more advanced vascular plants, 
succcssive sieve elements are joined end to 
end to form a sieve tube, and the sieve 
areas are concentrated in sieve plates which 
mark the ends of the individual sieve ele- 
ments. The bark of trees and shrubs con- 
sists of phloem, but the strands of phloem 
in the stems of herbaceous plants are not 
called bark. The structure of phloem is 
more fully discussed in Chapters 23 and 24. 

In the most primitive kinds of vascu- 
lar plants, such, as some of the (fossil) 
thyniophytes, the sporophyte consists only 
of a dichotomously branched axis which 
is considered to be a stem. In more ad- 
vanced kinds of vascular plants, the sporo- 
phyte is differentiated into three principal 
kinds of organs, the root, the stem, and the 
leaf. In their typical forms, the root is the 
underground part of the plant, the stem is 
the aerial axis (including the branches), 
and the leaves are the flattened, photosyn- 
thetic appendages of the stem. The leaves 
and stem together are often called the 
shoot, as opposed to the root. Roots, stems, 
and leaves usually differ anatomically from 
each other, and specialized organs of vari- 
ous sorts can usually be classified by their 
anatomy as modified roots, stems, or leaves. 


PSILOTOPHYTES 


CLASSIFICATION AND DISTRIBUTION 


There are only three generally recog- 
nized species of Psilotophyta: Psilotum 
nudum, Psilotum complanatum, and 
Tmesipteris tannensis. It has been sug- 
gested recently that the plants which have 
been called Tmesipteris tannensis actually 
represent a group of related species instead 
of a single species, so that the taxonomy 
remains to be clarified. Tmesipteris is con- 
fined to Australia and some of the Pacific 


islands, but Psilotum is widespread in 
tropical and subtropical regions of both 
hemispheres. Psilotum nudum extends as 
far north as South Carolina, and it even 
becomes a weed in some few greenhouses 
farther north. Psilotum and Tmesipteris 
(Fig. 18.1) together constitute the family 
Psilotaceae, the only family of the order 
Psilotales. The Psilotales, in turn, are the 
only order of the class Psilotopsida, and 
the Psilotopsida are the only class of the 
division Psilotophyta. 


HISTORY 


The psilotophytes (Psilotum and 
Tmesipteris) have long been recognized as 
anomalous types which do not fit well into 
any other group of modern plants. After 
the discovery of the fossils here treated as 
forming a division Rhyniophyta, many bot- 
anists came to view the psilotophytes as a 
slightly modified remnant of the rhynio- 
phytes, and the fossil and modern plants 
were groupcd in a single division or class 
variously called Psilophyta or Psilopsida. 
This view of the relationships of Psilotum 
and Tmesipteris has recently been called 
into question again, although it may still 
prove to be essentially correct. In 1966 an 
international trio of botanists, Arthur 
Cronquist, Armen Takhtajan, and Walter 
Zimmermann, proposed to treat the Psilo- 
tophyta and Rhyniophyta as separate but 
related divisions. Even if a close relation- 
ship between the two groups is eventually 
confirmed, the differences in structure and 
position of the sporangia can be considered 
to justify the divisional separation. 


Tuk SPOROPHYTE 





` The sporophyte has a dichotomously 
branched, green, photosynthetic stem, sel- 
dom over a foot long, which is typically 
crect or sprawling in Psilotum, and gen- 
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erally pendent from tree trunks in T’mesip- 
teris, which is commonly an epiphyte. The 
underground part of a Psilotum stem may 
be slightly differentiated from the aerial 
part, but any underground branch may 
turn up at the end and become a normal 
acrial branch. A more or less horizontal un- 
derground stem, in Psilotum and else- 
where, is called a rhizome. Neither the 
psilotophytes nor the rhyniophytes have 
clearly differentiated roots, as contrasted to 
stems, and this structural simplicity 1s one 
of the things which lead many botanists to 
view these groups as primitive among the 








Fig. 18.1 Tmesipteris, left (slightly less 
than natural size). Psilotum, center 
(slightly less than natural size), and 
right (enlarged to show, structure of 
sporangia). 


vascular plants. It is only their possible 
significance in helping us to understand 
the evolutionary history of the vascular 
plants as a whole that justifies devoting so 
much attention to these small and eco- 
nomically unimportant groups in an ele- 
mentary text. 

The stem of Psilotum (Fig. 18.2) 1s 
differentiated into an epidermis, a cortex, 
and a central cylinder. The central cylin- 
der is also called the stele. It consists 
largely or wholly of xylem and phloem. 
The xylem in Psilotum makes up a solid 
core in the stem, but in Tmesipteris and 
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Fig. 18.2 Psilotum. Cross section of stem: c., 
cuticle; en., endodermis; ep., epidermis; ph., 
phloem; p.t., photosynthetic tissue; s., stomate; 
x., xylem. 


in many more advanced groups of plants 
it consists of a tube or sheath enclosing a 
core of parenchymatous tissue called pith. 
A solid stele, such as that of Psilotum, 1s 
considered to be more primitive than other 
types and is called a protostele. Concep- 
tually (and perhaps also phyletically) these 
more advanced types of stele differ from 
the protostele in that the central cells fail 
to mature into xylem and remain paren- 
chymatous. 

In a cross section of the stem, the 
xylem of Psilotum appears to be irregularly 
star-shaped, with generally four to six ra- 
diating arms. The cells at the tips of the 
arms miature first, and those toward the 
center progressively later. The xylem cells 
are all vertically elongate, tapering toward 
the ends, thick-walled, and dead when 
functional. The radiating arms of xylem, as 
seen in the cross section, consist largely of 
protoxylem with annular or spirally thick- 
ened tracheids. Annular tracheids:are tra- 
cheids with the secondary wall consisting 
of a series of separate rings. The core of 
the xylem consists of metaxylem with 
merely pitted tracheids. Tracheids of this 
type, as seen in Psilotum, are not much 
different from the elongate, thick-walled 








strengthening cells found in many other 
parts of vascular plants. ‘Thick-walled 
strengthening cells which lack living con- 
tents at maturity and are found outside the 
xylem are generally called sclerenchyma 
cells. Elongate, narrow sclerenchyma cells 
are calle 








although other arrangements occur in 
some groups. The tissue immediately sur- 
rounding the xylem of the stem of Psilotum 
and Tmesipteris consists of thin-walled, 
vertically elongate, living cells with scat- 
tered sieve areas and slanted end-walls. It 
is considcred to be a primitive type of 
phloem. 

The stele of the aerial branches of 
Psilotum, like most other protosteles, is 
surrounded by an endodermis. The endo- 
dermis is a sheath consisting of a single 
layer of cells that are closely set, without 
intercellular spaces. In cross section the en- 
dodermis appears to form a ring. The radial 
walls of endodermal cells of Psilotum and 
other plants have prominent thickenings, 
called Casparian strips, that are typically 
impregnatcd with a waxy substance called 





Diffusion through the radial walls of the 
endodermal cells is inhibited by the Cas- 
parian strips, and the passage of water and 
solutes through the endodermis is thus sub- 
jected to the control of the protoplast of 
the cell. The nature and function of the 
endodermis are further discussed in 
Chapter 25. 

Most of the cortex of Psilotum nudum 
consists of colorless angular cells so closely 
packed as to lack evident intercellular 
spaces. The outer two to five layers of cor- 
tical cells of aerial branches are vertically 
elongate, thin-walled, and more loosely 
set, with intercellular spaces. These cells 
have numerous small chloroplasts. The cor- 
tical cells just within the photosynthetic 
layer have strongly thickened walls, but 
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this thick-walled layer passes gradually into 
the thin-walled tissue which makes up most 
of the interior of the cortex. These struc- 
tural details vary from species to species 
among the living psilotophytes; t - 





P. nudum occur mainly in grooves between 
the longitudinal ndges_ 


vide one or more times before maturing 
into the different kinds of cells which make 
up the sporophyte. We shall see that more 
advanced kinds of vascular plants generally 
have a multicellular meristematic region 
at the tip of the stem, without any single 
apical cell that can be identified as giving 
rise to all the others. 

The stem of psilotophytes bears small 
leaves, although we shall see that in many 
of the rhyniophytes the stem is leafless. 
The leaves of Psilotum are mere small, 
pointed scales about 1 mm long, irregularly 
scattered along the aerial branches of the 
stem. The epidermis is cutinized and lacks 
stomates. The interior tissue of the leat 
consists of chlorophyllous cells similar to 
those of the stem. The leaves have no vas- 
cular tissue, but in P. complanatum a leaf 
trace extends from the stele through the 
cortex to the base of the leaf. A leaf trace 
is the vascular supply for a leaf, from the 
point where it leaves the stele to the point 
where it enters the leaf. In Tmesipteris the 
leaves are larger than in Psilotum, com- 
monly about 1 cm long, with stomates in 
the epidermis and with a definite midrib of 


xylem surrounded by phloem. Leaves of 
the type found in Psilotum and Tmesip- 
teris are called microphylls, as opposed to 
megaphylls that are typically larger and 
commonly have a branching vascular sys- 
tem. The nature and significance of micro- 
phylls and megaphylls are discussed in 
Chapter 21. 

The sporangia of Psilotum are borne in 
groups of three at the ends of very short 
lateral branches. The three sporangia of a 
cluster begin their development as sepa- 
rate bodies, but they are joined at ma- 
turity. Each such cluster of sporangia, 
terminating a short lateral branch, is sub- 
tended by a minute, decply bifid leaf, so 
that the compound sporangium appears to 
be axillary (i.e., in the axil of a leaf). The 
axil of a leaf is the point of the angle 
formed by the base of the leaf with the up- 
wardly continuin 










sporangium approaches maturity, the in- 
ternal tissue becomes differentiated into ir- 
regular clusters of cells with dense cyto- 
plasm, scattered through a mass of cells 
with more watery cytoplasm. The cells 
with dense cytoplasm undergo repeated 
mitotic divisions and eventually give rise to 
the ‘spore mother cells The other cells 
divide more slowly and finally disintegrate 
into a slimy mass at about the time the 
spores are produced. Each spore mother- 
cell undergoes reduction division, produc- 
ing a tetrad of spores with the reduced 
number of chromosomes. At maturity eaeh 
sporangium opens along a longitudinal line 
of dehiscence that is marked by relatively 
small, thin-walled jacket cells. The sporan- 
gia of Tmesipteris are essentially similar to 
those of Psilotum except that they are 
borne in axillary pairs instead of trios. 


Tue GAMETOPHYTE 


Gamictophytes of Psilotum 
sipteris are small, subte 
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Weck chlorophyll A germinating 


spore gives rise by a series of mitotic di- 
visions to a colorless, irregularly cylindrical 
gametophyte a few mm long. There are 
numerous scattered rhizoids, eaeh of which 
is mcrely an extension from a single super- 
ficial cell. A central strand of tracheids has 
been observed in some individuals but is 
not usually present. A single meristematic 
apical cell has been identified in both Psilo- 


tum and I mesibter 





others are Ascomycetes. The E 
are the only fungi known to have existed 
in the Devonian period, when the rhynio- 
phytes were abundant. Ascomycetes and 
Basidiomycetes, which furnish the usual 












ycomycetes “ 


mycorhizal fungi for seed plants, do not 
appear in pre-Carboniferous deposits. These 
facts may have some bearing on the ques- 
tion of the ancestry and relationships of 
the psike hytes , 


= QAALILIIVIEIIIG 


The archegonial initial cell is a super- 
ficial cell of the gametophyte. The outer 
of the two cells formed in the first division 
gives rise to the neck of the archegonium, 
and the mner cell gives rise to the egg and 
the canal cells. ‘he neck of the developing 
archegonium projects beyond the outer sur- 
face of the gametophyte, but most of the 
projecting part falls off before fertilization. 
The wall bounding the venter of the arche- 
gonium is formed largely by ordinary cells 
of the gamctophyte. 

The antheridium forms a dome-shaped 
protrusion from the body of the gameto- 
phyte. The antheridial initial is a super- 
ficial cell of the gametophyte. Its first di- 
vision gives rise to an outer cell, the jacket 


Fig. 18.3 Psilotum. A, gameto- 
phyte (X20); B, antheridium, 
long section (X175); C, arche- 
gonium, long section (X175); 
an., antheridium; ar., archego- 
nium; e., egg; r., rhizoid. 
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GAMETOPHYTE 


SPORANGIUM 


initial, and an inner cell, the primary an- 
drogonial cell. By subscquent mitotic di- 
visions, the primary androgonial cell gives 
rise to the sperms, and the jacket initial 
gives rise to the wall of the protruding part 
of the antheridium. The wall of the basal 
part of the antheridium is formed by or- 
dinary cells of the gametophyte. A single 
opercular cell at the center of the outer 
face of the jackct of the antheridium dis- 
integrates, leaving an opcning through 
which the sperms escape. 


FERTILIZATION AND DEVELOPMENT OF THE 
EMBRYO 


The sperms, which have numerous 
whiplash flagella, swim to the archegonium 
through a film of water and pass down 
through the neck of the archegonium to 
the egg in the same way as the sperms of 
bryophytes. Fusion of a sperm and an egg 
constitutes fertilization. 

The fertilized egg, or zygote, has 2n 
chromosomes and is the first cell of the 
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Fig. 18.4 Life cycle of Psilotum: 
e., egg; e.s., embryo sporophyte; 
s., sperm; Z., zygote. 


sporophyte generation. The frst division 
of the zygote is at right anglcs to the long 
axis of the archegonium. The lower of the 
two cclls formed in the 


er cell gives rise to the 





7 d passes it on to the 
developing shoot. The first branches of the 
shoot are often horizontal and develop be- 
low the ground as rhizomes, but the char- 
acteristic aerial branches are soon produced. 
The underground part of the shoot be- 
comes infected with a mycorhizal fungus, 
and it may become self-sustaining through 
this association even before the tip reaches 
the surface, : 
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RHYNIOPHYTES 


INTRODUCTION 


The rhyniophytes are Silurian and 
Devonian fossil vascular plants of relatively 
simple structure. Like the psilotophytes, 
the rhyniophytes do not have clearly differ- 
entiated roots. ‘The sporophyte consists of 
a branching axis (stem) which may or may 
not be provided with small leaves, accord- 
ing to the genus. Branching is variously 
dichotomous or sympodial (i.e., one of the 
two branches of a pair continues as a seg- 
ment of the more or less zigzag main axis, 
while the other is smaller and lateral). The 
sporangia are simple, rather than com- 
pound as in the psilotophytes, and are 
borne either terminally or laterally on the 
stem. The sporangia, when borne laterally, 
are not in the leaf axils, but this is partly 
a mattcr of definition. Fossils of the gen- 
eral rhyniophyte type which have axillary 
sporangia, such as the Devonian fossil 
Baragwanathia, are considered to be primi- 
tive Lycopodiophyta rather than Rhynio- 
phyta. 

The first rhyniophyte to be discovered 
was Psilophyton (Fig. 18.5), a Devonian 
fossil which the Canadian geologist John 
W. Dawson (1820-1899) named in 1859 
for its resemblance to Psilotum. Dawson’s 
drawing was a reconstruction based on sev- 
eral separated fragments, and for many 
years it was regarded with great skepticism. 
More than half a century later, in 1913, a 
series of extraordinarily well-preserved fos- 
sils of primitive vascular plants was dis- 
covered in rocks of Middle Devonian age 
near Aberdeen, Scotland—the now famous 
Rhynie beds. After these fossils became 
known, the skepticism about Psilophyton 
was dissipated, and an order Psilophytales 
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Psilophyton princeps, restored 
(Lower Erian, Gaspé). a, Fruit, natural 
size. 6, Stem, natural size. e, Scalari- 
form tissue of the axis, highly magni- 
fied. In the restoration, one side is repre- 
sented in vernation and the other in fruit. 


Fig. 18.5: Psilophyton, as reconstructed by Daw- 
son. 


was established to include all such fossils. 
Other fossils of more or less similar nature 
have subsequently been found in rocks of 
Late Silurian to Late Devonian age in vari- 
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ous parts of the world, and it is now evi- 
dent that these plants were a prominent, 
even a dominant, part of the land vegeta- 
tion of the time. 

Further paleobotanical exploration and 
study during the past few years have shown 
that Dawson was optimistic in assuming 
that the several parts put together in his 
reconstruction all came from one and the 
same kind of plant. For this reason, and 
because of recurring doubts about the re- 
lationship of these ancient fossils to the 
modern Psilotales, it is becoming custom- 
arv to give the fossil group a name based 
on one of its better known genera, Rhynia. 
The name Rhyniophyta is here applied to 
the Silurian and Devonian fossils that have 
often been called Psilophytales. Dawson’s 
reconstruction of Psilophyton continues to 
be of historical interest, but it is no longer 
considered to be of definitive importance. 


RHYNIA 


Perhaps the most important genus of 
the rhyniophyte fossils is Rhynia (Fig. 
18.6), beeause it so nicely fulfills the quali- 
fications of an ancestral prototype for all 


vascular plants. The sporophyte consists of 


N: 





a dichotomously branched axis, with a 
horizontal rhizome and erect, aenal 
branches several inches or a foot high. ‘The 
rhizome is basically similar in structure to 
the aerial branches, but it differs in bear- 
ing clusters of slender, unicellular rhizoids 
which evidently acted as absorbing struc- 
tures. Sporangia are borne singly at the 
tips of some of the aerial branches, and 
there are no leaves. 

The aerial stem has a small central 
strand of xylem consisting of annular 
tracheids. The xylem is surrounded by a 
layer, four or five cells thick, of elongate, 
thin-walled cells which are considered to 
be phloem, although no sieve areas have 
been observed. The phloem is surrounded 
by a large cortex, without any intervening 
endodermis. Most of the cortex consists of 
more or less spherical cells with good-sized 
intercellular spaces, but the outer few 
layers of cortical cells are larger and more 
angular, without evident intercellular 
spaces except just beneath the stomates. 
The internal part of the cortex is believed 
to have been a photosynthetic tissue. ‘The 
epidermis is a layer of cutinized cells with 
scattered stomates. 

The sporangia are up to 2 inch long 


Fig. 18.6 Rhynia major. Left, habit. (X 
1/3.) (After Kidston & Lang.) Right, fossil 
sporangium. (X about 5.) (From Kidston 
& Lang.) 
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Fig. 18.7 Rhynia major. Cross section of stem. 
Xylem, phloem, two layers of cortex, and epidermis 
may be seen. (X about 13.) (From Kidston & 
Lang.) 


and are nearly cylindrical, tapering slightly 
toward the tip. The jacket of the spo- 
rangium is several cells thick and in- 
dehiscent. The sporangial cavity lacks a 
columella and contains many spores of 
about equal size. In some specimens the 
spores are grouped in tetrads, indicating 
that they are products of reduction divi- 
sion. 


COOKSONIA 


The fossil genus Cooksonia, from Silu- 
rian deposits in the Soviet Union, is one of 
the oldest (perhaps the oldest) known 
fossils of vascular plants. It is less well pre- 
served and thus less well known than 
Rhynia, but it appears to be basically simi- 
lar in having a leafless, dichotomously 
branching stem with terminal sporangia. 
The sporangia are globose, rather than 
elongate as in Rhynia. Cooksonia is of in- 
terest because it carries the rhynioid type 
far back in time, farther than any of the 
more complex types of vascular plants. 
These facts give some support to the 
thought that all other vascular plants were 


derived eventually from ancient plants of 
thynioid type. 


HoRNEOPHYTON 


Horneophyton (Fig. 18.8), another 
common fossil in the Rhynie beds, 1s 
basically similar to Rhynia, but the under- 
ground axis is short, thickened, without a 
vascular system, and there is a well-devel- 
oped columella in the capsule. 


ASTEROXYLON 


Asteroxylon (Fig. 18.8), a rhyniophyte 
fossil now known from Devonian deposits 
in Germany as well as from the Rhynie 
beds, is more complex than Rhynia and 
Horneophyton. The specimens from Ger- 
many differ somewhat from those of Scot- 
land and are considered to represent a dif- 
ferent species. Asteroxylon grew to about 
3 feet high, and the stem had numerous 






Asteroxylon 
Mackiei 
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Hornea Lignieri 


Fig. 18.8 Asteroxylon and Horneophyton 
(Hornea). (From Kidston & Lang.) 
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SC CAMO 
ie Pie ay 
Fig. 18.9 Horneophyton. Left, spores around the columella; right, tetrads of spores. (From 
Kidston & Lang.) 
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Fig. 18.10 Asteroxylon mackiei. Left, cross section of the xylem (X about 35). Right, long 
section of the-xylem (X about 225). (From Kidston & Lang.) 


small, thin, scale-like leaves about 14 inch forms a smooth sheath surrounding the 
long. The core of xylem (Fig. 18.10), as xylem. The cortex has a dense inner layer 
seen in cross section of the stem, has sev- and a dense outer layer, separated by a 
eral arms radiating from the center. The median layer with very large intercellular 
protoxylem is near the tips of the arms spaces. The intercellular spaces separate 
and consists of spiral tracheids or spiral thin layers of tissue which connect the 
and annular tracheids. The metaxylem con- inner cortex to the outer cortex. 


sists wholly of spiral tracheids. The phloem The leaves of Asteroxylon have no 
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Fig. 18.11 Asteroxylon mackiei. Part of the 
epidermis, with stomates. (200.) (From Kidston 
& Lang.) 


vascular tissue, but a small leaf trace ex- 
tends from the tip of one of the radiating 
arms of xylem to the base of each leaf. The 
leaf trace passes diagonally upward through 
the cortex and has a layer of phloem sur- 
rounding a central strand of xylem. 

The rhizome lacks rhizoids, but some of 
its branches are markedly slender and ex- 
tend downward into the substrate. These 
slender branches, which are repeatedly 
forked, doubtless functioned as anchoring 
and absorbing organs, but they are hardly 
different enough from the stem to be called 
roots. 

The sporangia of Asteroxylon have only 
recently been discovered. They are small, 
ellipsoid bodies borne singly on short pro- 
jections from the stem, scattered among 
the Icaves but not in their axils. It seems 
but a short step from Asteroxylon to Barag- 
wanathia, an Australian Devonian fossil 
(once thought to be Silurian) which has 
axillary sporangia and is considered to be 
a primitive lycopod. 

For nearly half a century it was thought 
that certain detached, branching, naked 
axes with terminal sporangia that are com- 
monly found associated with Asteroxylon 
were probably the fruiting structures of the 
genus. These are shown in Fig. 18.8, taken 
directly from the original illustration of 
Rhynie bed fossils by Kidston and Lang. 
Some other disposition must now be made 
of these fruiting axes. The student should 


by now be accustomed to the fact that sci- 
cntific progress often consist of two steps 
forward, one step back, a sidestep, and 
then renewed forward progress. 


RELATIONSHIPS 


The rhyniophytes are the most primi- 
tive known group of vascular plants. All 
other groups of vascular plants, except pos- 
sibly some ancient and poorly known fos- 
sils, appear to be derived eventually from 
the rhyniophytes. Most students of evolu- 
tion of the vascular cryptogams conceive 
of the Lycopodiophyta, Equisetophyta, and 
Polypodiophyta as separate lines of devel- 
opment from the ancestral Rhyniophyta 
(although diverse names are used for 
these same groups by different botanists). 
The Psilotophyta are variously con- 
sidered as slightly modified descendants of 
the Rhyniophyta (still the most widely ac- 
cepted view), or as modified lycopods or as 
reduced ferns (Polypodiophyta). 

Most botanists are also agreed that 
the bryophytes are related to the rhynio- 
phytes, and that the green algae are anees- 
tral to all these groups. The development 
of the archegonium and the retention of 
the egg within it are seen as the natural 
corollary to the adoption of a land habitat. 
The sporophyte remains attached to the 
gametophyte, at least in its early stages of 
development, because there is nothing to 
cause their separation. 

There are two opposing theories as to 
the nature of the green algal ancestors of 
the embryophytes and the general course 
of evolution of the embryophyte subking- 
dom. According to the homologous theory 
of land-plant evolution, the ancestor of 
the embryophytes was a green alga with 
isomorphic alternation of generations, i.e., 
the gametophyte and sporophyte were es- 
sentially similar. The primitive embryo- 
phyte is likewise believed to have had 
similar gametophyte and sporophyte gen- 
erations; and from this type evolution pro- 
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ceeded in two directions. In one line the 
sporophyte became essentially parasitic on 
the gametophyte, losing much or all of its 
photosynthetic capacity and coming to be 
scarcely more than a stage in the reproduc- 
tion of the gametophyte. ‘The bryophytes 
represent this line of development. In the 
other line the sporophyte became the domi- 
nant generation, and the gametophyte was 
reduced, ultimately becoming merely a step 
in the reproduction of the sporophyte. ‘The 
vascular plants represent this line of de- 
velopment. 

According to the antithetic theory of 
land-plant evolution, the ancestor of the 
embryophytes was a green alga in which 
the zygote was the only diploid or sporo- 
phytic cell. The sporophyte is regarded as 
an entirely new structure interposed 
between two gametophyte generations, and 
evolutionary advance consisted of progres- 
sive elaboration of the sporophyte and 
eventual reduction of the gametophyte. 
Under the antithetic theory, the bryophytes 
are regarded as a transitional step from 
the green algae toward the vascular plants. 

At the time the antithetic theory was 
first proposed, the only green algae in 
which sexual reproduction was known had 
only a single diploid cell in the life cycle, 
but many genera with isomorphic alterna- 
tion of generations are now known. Evi- 


dence from comparative morphology of 
the bryophytes furthermore suggests that 
the forms with very small sporophytes 
have been derived from ancestors with 
larger sporophytes. Although the anti- 
thetic theory was once widely accepted, the 
accumulation of evidence has favored the 
homologous theory, which has beeome 
more and more generally adopted. 

Fritschiella, a terrestrial green alga 
with isomorphic alternation of generations 
and with some differentiation of tissues, 
has attracted attention as a plant having 
the potentiality of evolutionary develop- 
ment along the lines of the embryophytes, 
but there is still a considerable gap be- 
tween this genus and any known embryo- 
phyte. 
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DIVISION 
LYCOPODIOPHYTA 


Club Mosses and Quillworts 


Lycopodium lucidulum, a club moss of eastern North America. (X<1.5.) (Photo by Hugh 
Spencer, from National Audubon Society.) 





Vascular plants with roots, stems, and leaves, the leaves microphylls; 
gametophyte and sporophyte physiologically independent of each other 
at maturity in all modern species,.but the gametophyte small and 
inconspicuous, sporangia axillary or borne on the adaxial (upper) surface 
of the leaf near its base; leaves alternate or opposite, seldom whorled. 
Two classes, the Lycopodiopsida and Isoetopsida. 


HISTORY 


The Lycopodiophyta were first recog- 
nized as a distinct division of plants by the 
American botanist Charles Edwin Bessey 
(1845-1915) in 1907. The studies leading 
up to this classification are discussed in 
Chapter 21. The names Lepidophyta and 
Lycopsida have also been used for this 
same group. The informal term lycopods is 
frequently used in the following pages to 
avoid such polysyllabic names as lycopodio- 
phytes. 


CHARACTERISTICS 


HABIT AND STEM 


The sporophyte is the conspicuous 


generation in the lycopods, the gameto- 
phyte being small and often subterranean. 
Many lycopods of the Carboniferous and 
Permian geologic periods were trees, but 
all the modern (i.e., living) species are 
relatively small herbs with short or elon- 


gate, sometimes vine-like stems. Flonga- 


tion of the stem is due to mitotic divisions 
of an apical cell or a group of apical cells 
which form an apical meristem. The stem 
is simple or more often branched. Branch- 
ing i$ dichotomous, to sympodial or essen- 
tially monopodial (i.e. the central axis 
essentially straight and not obviously devel- 
oped by a succession of unequal dichoto- 


mies ), according to the species, and ha 


position of the branches bears no relation 
to the position of the leaves. The branches 


originate by sbiftireation of the apical meri- 
stem or apical cell, each of the two parts 
continuing to develop as the apical meri- 
stem or apical cell of a separate axis. The 
stem is usually differentiated into an epi- 
dermis, cortex, and central cylinder, and in 
some types it increases in thickness by 


secondary growth. The nature of secondary 


growth is discussed under the Lepidoden- 
drales. 


LEAVES 


The leaves of lycopods are narrow 
and usually small, with a single un- 
branched midvein (rarely two veins) of 
vascular tissue. Anatomically they are 
microphylls. The place on a stem where a 


leaf is (or has been) attached is called a 
‘node, and the part of the stem between 


one node and the next is called an inter- 
node. Leaves are said to be alternate if 
only one is borne at a node, opposite if 
two are borne (usually on opposite sides ` 
of the stem) at a node, and whorled if, 
three or more are borne at a node. The 
leaves of lycopods are usually alternate 
or opposite séldom whorled.) “Opposite” 
leaves of lycopods are often modified in 
position so that both are on the same side 
of the stem. © 

In all lycopods except the Lyco- 


podiales, the leaf has a small appendage 
on the adaxial side (the side toward the 


stem, the upper side) a little above the 
base. ‘Lhisappendage is called a ligule, 
and lycopods are described as ligulate 
or éligulate, according to whether or not 
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Fig. 19.1 Lycopodium annotinum, on the lower slopes of Mt. Katahdin, Maine. 


the ligule is present. If the leaves of lyco- 
pods originated by modification of some 
branches of a dichotomously branched 
stem svstem, as some botanists believe 
(see p. 360), the ligule may represent a 
vestigial branch. The term ligule, (from 
Latin ligula, a little tongue,) is applied to 
several quite different structures in differ- 
cnt groups of vascular plants. 


Roor 


All divisions of vascular plants except 
the rhyniophytes and psilotophytes ordinar- 
ily have the root clearly differentiated from 
the stem. Roots charactenistically grow 
downward into the soil in response to the 
pull of gravity; i.e. they are positively 
geotropic. Most stems tend to grow upward, 
away from the pull of gravity; they are. negae 
tively geotropie; Stems generally bear leaves, 
usually in a more or less definite arrange- 
ment; they have nodes and internodes. 
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Roots do not have leaves; they lack nodes 
and internodes. ‘The growing point of a root. 
ordinarily has a protective covering, the 
rooteap. The cells of the rootcap are con- 
stantly being sloughed off as the root grows 
through the soil and are replaced by new 
cells derived from the apical meristem. 
The growing point of a stem is generally 
hidden by the adjacent leaves which ex- 
tend up around it, but there is no direct 
cover comparable to the rootcap. Certain 
other differences between roots and stems 
characterize most vascular plants, but 
these differences do not always hold true 
for lycopods and equisetoids. 

The primary root, in the lycopods 
and in other plants, usually originates 
carly in the development of the embryo 
sporophytc, but in lycopods it does not 
generally persist until the sporophyte is 
mature. “Roots” of the mature sporophyte 
of lycopods originate adventitiously from 
internal tissues of the stem, or “from an 
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S 
: The growing point of 


the root pushes its way through the outer 
tissues of the stem or rhizophore and con- 
tinues its gt ea 







branched one or more times. These branches 
originate by simple bifurcation of the 
apical meristem, just as do the branches of 
the stem. In Lycopodium, at least, branch 
roots sometimes also originate internally 
and push their way to the outside, just as 
do branch roots of seed plants. 


SPORANGIA 








some lycopods and other plants are ordi- 
nary vegetative leaves. Other lycopods and 
many plants of other divisions have more 
or less modified | 3 










1e ontogeny (individual develop- 
ment) of thc sporangia of lycopods 
follows a characteristic pattern. Aspo; 





the sporangial initials, in or 
near the axil of a leaf. Each of these 
sporangial initials divides parallel to the 
surface, so that an inner layer and an 
outer layer of cells are formed. The cells 
of the outer layer give rise by further 
mitotic divisions to the jacket of the ma- 
ture sporangium. The 

layéfigive rise by further mitotic divisions 
tametsi 













ra | imately many or all the cells 
of the sporogenous tissue act as spore 
mother cells and undergo reduction divi- 
sion to form spores. The spores have n 
chromosomes and are the first stage in the 
gametophyte generation. 
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A single layer (or two layers) of cells, 
the tapetum, lies between the jacket and 
the sporogenous tissue of the sporangium. 
The cclls of the tapetum die and degen- 
erate as the sporangium approaches ma- 
turity, and their contents are largely used 
up by the developing spore mother cells. 
The tapetum is said, therefore, to be a 
nutritive tissue. In some genera, the tape- 
tum originates from the outer layer of 
sporogenous tissue of the young sporan- 
gium. In others it is derived largely from 
the inner layer of the developing jacket, 
which is two to several cells thick at 
maturity. 





Qrar he sporangia of the 
Equisetophyta originate from single cells 
instead of from groups of cells, but the 
ontogeny is otherwise so much like that of 
lycopods that the equisetoids are also con- 
sidered to be eusporangiate. Some ferns are 
eusporangiate like the lycopods, but most 
of them follow a different method of spo- 
rangial development (described in Chapter 
21) and are said to be lcptosporangiate. 


GAMETOPHYTES 


The gametophytes of the Lycopodio- 
phyta are always small and inconspicuous, 
up to about an inch long in some of the 
Lycopodiales, even smaller and often micro- 
scopic in the other orders. In the Lyco- 
podiales the spores of a given species are 
all about alike, and the antheridia and 
archegonia are borne on the same gameto- 
phyte. The Lycopodiales are therefore 
said to be homosporous. In the remaining 
orders of lycopods the spores are of two 
different types, borne in different spo- 
rangia. These orders are said to be hetero- 
sporous. One of the two kinds of spores 
develops into a female gametophyte, which 
bears archegonia (or a single archego- 
nium) but not antheridia; the other de- 
velops into a malc gametophyte, which 
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bears an antheridium but no archegonium. 


The spores which- develop into-male. 
= gametopliytes are microscopic, amda great 


many of them are borne in a sporangium. 








gametophyte is often called a microgameto- 
phyte, although this term is not universally 
used. 


The spores which develop int 
gametophyte are relatively large, often 
about the size of a pinhead, and only a 


limited number are borne in a sporangium. 
These spores are called 














a eee The prefix mega- in 
the foregoing terms is sometimes replaced 
by the prefix macro-. Both mean “large,” 
as opposed to micro-, which means “small.” 










initial cell. The pattern of cell 
division leading to the formation of the 
mature antheridium varies in the differ- 
ent genera of the group. The 





The archegonium of lycopods origi- 
nates from a single epidermal cell of 
the gametophyte, the archegonial initial. 
The first division of the archegonial initial 
gives rise to an outer cell, the primary 
cover cell, and an inner cell, the central 
cell. By a series of further mitotic divi- 
sions, the central cell gives rise to the egg 
and one or more canal cells, and the cover 
cell gives rise to the neck of the arche- 
gonium. The neck (or at least the top of 
the neck) protrudes from the surface of 


the gametophyte, but the venter is em- 
bedded. As in the Psilotales and Antho- 


cerotales, the cells bounding the venter of 
the archegonium are ordinary gameto- 
phytic cells which are not derived from 
the archegonial initial. As the archegonium 
approaches maturity, the canal cells dis- 
integrate into a slimy mass, and the upper- 
most cells of the neck tend to spread 
apart and often partly disintegrate, so that 
the sperms have free access to the egg. The 
sperms are attracted to the egg by chemical 
stimuli and require a film of water in 
which to swim. 


EMBRYO 


Fusion of a sperm and an egg in the 
venter of the archegonium constitutes fer- 
tilization. The fertilized egg or zygote has 
2n chromosomes and is the first cell of 
the sporophyte generation. The embryo 
sporophyte is derived from the zygote by 
a series of mitotic divisions. The precise 
pattern of development varies among and 
within the different orders, but the embryo 
usually has a well-developed foot which 
absorbs food from the gametophyte. Even- 
tually the growing young sporophyte 
breaks through the tissues of the gameto- 
phyte, establishes its own connection with 
the ground, and goes on to develop into a 
mature sporophyte. The gametophyte may 
persist for some time after the sporophyte 
has become independent, but eventually it 
dies and degenerates. Ordinarily a gameto- 
phyte gives rise to only a single sporophyte. 


CLASSIFICATION 


Classification of plants is usually 
based primarily on modern (i.e. living) 
species, and fossil forms are merely ap- 
pended to the scheme. This is done for 
both theoretical and practical reasons. The 
modern forms are of inherently greater 
interest and importance from a human 
standpoint, and the gaps in variability, 
which are of fundamental significance in 
classification, would, of course, be largely 
eliminated if all organisms of the past as 
well as the present were considered. Fur- 
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thermore, the characteristics which enable 
us to classify living plant species are often 
not preserved in the fossils. The modern 
representatives of several divisions, how- 
evcr, are mere vestiges of groups which 
were much more abundant and varied in 
past geologic eras. This is particularly true 
of the Lycopodiophyta, Equisetophyta, and 
Pinophyta, and therefore fossil forms are 
given more importance in the classification 
of these divisions. 

There are about 1200 modern species 
of lycopods, divided into five genera: Lyco- 
podium, Phylloglossum, Selaginella, Isoetes, 
and Stylites. Lycopodium and Phylloglos- 
sum belong to the family Lycopodiaceae, 
the only living family of the order Lycopo- 
diales. Selaginella is the only modern genus 
of the family Selagincllaceae, which is the 
only living family of the order Selaginel- 
lales. Isoetes and Stylites make up the fam- 
ily Isoetaceae, the only family of the order 
Isoetales. All these orders are represented 
by both modern and fossil forms. A fourth 
order, the Lepidodendrales, is known only 
from fossils. All the fossil lycopods that are 
well enough preserved to permit formal 
classification are usually referred to one or 
another of these four orders. It appears 
that the heterosporous, ligulate orders (Se- 
laginellales, Lepidodendrales, and I[soe- 
tales) form an evolutionary line which has 
been distinct from the homosporous, eligu- 
late order Lycopodiales since Late Dev- 
onian times. M 


LYCOPODIALES 


LYCOPODIUM 


The genus Lycopodium (Figs. 19.1, 
i 2) consists of about 600 species. The 
species are more numerous in warm cli- 
mates than in cool ones, and more numer- 
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ous in moist regions than in dry ones. 
eny tropical species are epiphytes with 






although they bear no close relationship 
to the Bryopsida. The name comes from the 
superficial resemblance of the sporophytes 
of many species of these two genera to 
large moss gametophytes, plus the club- 
like terminal strobilus. Some species of 
Lycopodium are also called ground pine or 
running pine, because of a very casual re- 
semblance to pine twigs. 

The species of Lycopodium are classi- 
fied into two subgenera. In one subgenus 
the stem is erect or pendent and simple 
or dichotomously branched. In the other 
subgenus the stem is usually monopodially 
branched, with erect branches arising from 
a prostrate (and often subterranean) main 
stem. The erect branches are usually sev- 
eral inches to a foot high and are often 
annual (living only one year). ‘The prostrate 
branches are commonly perennial (living 
several or many years) and of indetermi- 
nate length, continuing to grow at the 
tip and dying off behind. Individuals of 
these species are potentially immortal. 
When the main stem is subterranean its 
leaves are generally more or less reduced 
and without chlorophyll., 

The growing point of the stem con- 
tains a group of apical initial cells, form- 
ing the apical meristem. ‘The mature part 
of the stem (Fig. 19.3) is differentiated 
into an epidermis, cortex, and central 
cylinder. Some species have a well-defined 
endodermis between the cortex and the 
central cyl 


a_i nee. 







The E ale iS come! 
three to six cells thick, as seen in cross 
section. The cortex may be wholly paren- 
chymatous, or part of it may be com- 
posed of thick-walled, more or less scle- 
renchymatous cells. ‘The epidermis is one 
cell thick and has well-developed sto- 
mates. 
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Fig. 19.2 Lycopodium. Left, L. 


— 4 lucidulum (X2/3), with sporo- 
} VF JP; hyll and vegetative leaf (X3) 
I ee WU an g 3). 
Ñ INNS TRANE Right, L. obscurum (X2/3), with 
ANNAN 
A i sporophyll and vegetative leaf 
(X4). 


ENDODERMIS ~ 
CENTRAL i 
CYLINDER 





7 1G : SSE Fig. 19.3 Lycopodium. lee 
A cross section of stem. (X15.) 

PHLOEM j Right, cross section of central 

CORTEX XYLEM ” cylinder of stem. (X60.) 
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Some species of Lycopodium have a 
characteristic protostele, with the xylem 
forming a solid core that is more or less 
star-shaped in cross section. The proto- 
xylem lies at the points of the star and 
consists of tracheids with annular or spiral 
secondary walls. The metaxylem consists 
largely of tracheids with the secondary 
wall laid down in a regular network, form- 
ing a pattern of the type described in 
Chapter 23 as scalariform. As seen in 
cross section, the phloem forms patches 
between the arms or points of the xylem 
core and is separated from the xylem b 







e sieve elements are 
tapered at the ends and have scattered sieve 
areas. 

Other species of Lycopodium have a 
more complex stelar anatomy, which in 
cross section shows several isolated strands 
of xylem surrounded by or mingled with 
strands of phloem. This dissection of the 
stele bears no relation to the origin and 
position of the leaves, and the stele is not 
of the same type as the dissected steles of 
ferns and modern sced plants. 

Roots of Lycopodium originate inter- 
nally from the stem, most commonly from 
the pericycle, but sometimes from the 
endodermis. A group of pericycle cells be- 
comes meristematic and functions as the 
apical meristem of a new root. The grow- 
ing point of the root pushes its way out 
through the endodermis, cortex, and epi- 
dermis. After it has emerged from the 
stem, a root may remain simple or may be 
repeatedly branched; the branching is al- 
ways dichotomous. 

Many epidermal cells of Lycopodium 
roots have a long slender projection called 
a root hair. 





The roots are differentiated into an 
epidermis, cortex, and central cylinder. As 


seen in cross section, the xylem may form 
a circular mass, or a star with three or 
four points, but more often it forms a C 
or U with the protoxylem at the points. 
The phloem commonly forms a single 
strand between the arms of the C or U. 

The leaves of Lycopodium arise in the 
apical meristem, close to the tip of the 
stem. A young epidermal cell, or a group 
of cells, becomes differentiated from the 
others as a leaf primordium. The cells of 
the leaf primordium undcrgo a series of 
mitotic divisions, and the resulting cells 
differentiate to form a new leaf. ‘The leaves 
are narrow and seldom over an inch long. 
They are commonly broadest near the 
base, and are sessile (attached directly to 
the stem, without a stalk). Usually the 
leaves are alternate, but in some species 
they are opposite, or even whorled. When 
the leaves are opposite, the two leaves of 
a pair are often displaced so as to be on 
the same side of the stem. 

The leaf has a single unbranched mid- 
vein which is continuous with the leaf 
trace that passes through the cortex and 
connects to the central cylinder. Near the 
base of the leaf the vein contains both 
xylem and phloem, the phloem beneath, 
but often the phloem does not extend to 
the leaf tip. The vein may or may not be 
surrounded by an endodermis. The tissue 
between the vein and the epidermis 1s 
chlorenchyma (parenchyma with chloro- 
plasts), with or without evident intercellu- 
lar spaces. The epidermis is cutinized and 
has stomates on one or both surfaces. 
Chloroplasts are usually present in the 
ordinary epidermal cells as well as in the 
guard cells of the stomates. 

The sporophylls (Fig. 19.2) of some 
species of Lycopodium resemble ordinary 
vegetative leaves. In other species the 
sporophylls are shorter and relatively 
broader than the vegetative leaves, with 
little or no chlorophyll. Most species, espe- 
cially those in which the sporophylls are 
obviously different from the vegetative 
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leaves, have the sporophylls grouped into 
a terminal cone. In the axil of each sporo- 
phyll, or on the upper side near the base, 
is a single sporangium on a slender, or 
more often very short and broad, stalk. ‘At 
maturity the sporangium dehisces along a 
line across the top, releasing the spores. 
The plants are homosporous, and the 
spores, which are distributed by the wind, 
are all essentially alike in form and size. 

The spore germinates after a resting 
period of several days to several years, de- 
pending on the species. Young gameto- 
phytes have a single meristematic apical 
cell, but later there is an apical meristem 
of several cells. The mature gametophyte 
(Fig. 19.4) is small and inconspicuous, 
varying in size and shape according to the 
species. In some species it is about the 
size of a pinhead and lies on the surface 
of the ground. This type of gametophyte 
is green and photosynthetic and generally 
matures in a few months. In other species 
the gametophyte is partly or wholly sub- 
terranean, simple (often parsnip-shaped ) 
or variously branched, and up to about 
an inch long, with several differentiated 
tissues but no xylem or phloem. The aerial 
part, if any, is generally green and photo- 
synthetic, and the subterranean part com- 
monly harbors a mycorhizal fungus from 
which some food is obtained. Gameto- 
phytes which are wholly subterranean are 
wholly dependent on the fungus for nour- 
ishment and sometimes take as long as 10 





years to mature. As in the Psilotaceae, the 
mycorhizal fungus is sometimes a phyco- 
mycete and sometimes an ascomycete. 
Antheridia and archegonia of Lyco- 
podium are borne on the same gameto- 
phyte, near the apical meristem. The first 
division of the antheridial initial gives 
rise to an outer cell, the jacket initial, and 
an inner cell, the primary androgonial 
cell. The jacket of the mature antherid- 
ium is derived from the jacket initial, and 
the sperms are derived from the primary 
androgonial cell. The antheridium is com- 
monly ellipsoid and embedded in the ga- 
metophyte, barely reaching the surface at 
one end. The jacket is only one cell thick, 
and a single cell at the surface end is an 
opercular cell which degenerates to form 
an opening through which the sperms es- 











Development o; aT ) 

(Fig. 19.5) follows the standard pattern 
for the division. The fertilized egg, or 
zygote, has 2n chromosomes and is the 
first cell of the sporophyte generation. The 
first division of the zygote is at right angles 
to the axis of the archegonium. The outer 
of the two cells formed in the first division 
enlarges and may undergo one or two sub- 
sequent divisions, forming a one- to three- 
celled suspensor which pushes the inner 
cell, called the embryonic cell, deeper into 
the tissue of the gametophyte. By a series 
of further mitotic divisions, the embryonic 


Fig. 19.4 Lycopodium 

gametophytes. Left, L. com- 
planatum. (X12.) (After 
Bruchmann.) Center, long 
section of aerial part of L. 
complanatum, showing an- 
theridia (an.), archegonia 
(ar.), and an embryo sporo- 
phyte (e.). (X20.) (After 
Bruchmann.) Right, L. cer- 
nuum. (X35.) (After Traub.) 
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Fig. 19.5 Development of the archegonium of 
Lycopodium selago. (After Bruchmann.) 


cell gives rise to the embryo and thus 
eventually to the whole mature sporo- 
phyte. 

The embryo regularly has a well-de- 
veloped foot which absorbs food from the 
gametophyte, but the structure and devel- 


opment of the remainder of the @mbry6 > 


vary according to the species. Often there 
is an p e primary 


a primary stem, and a primary leaf, 
all joined at the foot. The primary leaf is 





ANTHERIDIUM 


GAMETOPHYTE 





often called the cotyledon. After the en- 
larging embryo breaks through the sur- 
rounding tissue of the gametophyte, the 
root grows downward into the soil and the 
cotyledon and | 
the ai 






FOSSILS 


Fossils essentially similar to Lyco- 
podium are referred to the genus Lyco- 
podites. Lycopodites is known from de- 
posits extending from the Upper Devonian 
period to the present. There are a number 
of other Paleozoic fossils more or less 
similar to Lycopodium, including some 
Devonian ones which may be transitional 
toward the Lepidodendrales. 


The oldest fossil lycopod is Baragwa- 
nathia, from Lower Devonian deposits in 
Australia. Baragwanathia resembles some 
of the modern species of Lycopodium that 
do not have a differentiated strobilus, dif- 
fering in being a little larger (stem com- 
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330 INTRODUCTORY BOTANY 


monly 1-2 cm, sometimes 6.5 cm thick), 
and particularly in that all the tracheids 
have merely annular thickenings. Baragwa- 
nathia is actually older than the famous 
Rhynie bed fossils, which are Middle 
Devonian, but other fossils such as Cook- 
sonia carry the rhyniophytes farther back 
in the geologic record than any known 
lycopods. 


SELAGINELLALES 


SELAGINELLA 


The only modern genus of the Selagi- 
nellales is Selaginella, with about 500 
species. ae of Sela Fi 





genus iS cosmopolitan, but ar a its 
species occur in moist tropical regions. 
Branching of the stem, as in Lycopodium, 
may be dichotomous or sympodial to 
monopodial. Often there is an indefinitely 
elongated underground stem, the rhizome, 
from which more or less erect lateral 
branches arise. The growing point some- 
times has an apical meristem, as in Lyco- 
podium, but more often there is a single 
well-defined apical cell. The epidermis of 
the stem is one cell thick and lacks 
stomates. As in Lycopodium, the central 
cylinder may be a simple protostele or may 
be variously modified, but it does not re- 
semble the steles of more advanced groups 
of vascular plants. Often the stele is dis- 
sected into several separate strands, each 
with its own xylem, phloem, pericycle, 
and endodermis. 

The phloem of Selaginella is similiar 
to that of Lycopodium. The xylem of 
some spccies of Selaginella resembles that 
of Lycopodium, but in other species some 
of the tracheids are modified to form more 
efhcient conducting structures, called 
vessels. A vessel of Selaginella consists of 
a series of more or less cylindrical tracheid- 





like elements placed end to end, with the 
end walls perforated. Vessels are found in 
several other groups of vascular plants, 
notably the angiosperms, and are further 
discussed in Chapter 23. 

The endodermis of the stem is usu- 
ally highly modified and is recognizable as 
such only by its position and by the 
characteristic Casparian strips on the radial 
walls of the cells. The cells of the endo- 
dermis are much elongated in the direc- 
tion of the radial axis of the stem and are 
separated by very large intercellular spaces. 
As a result the stele appears to be sus- 
pended in a very large central cavity, being 
connected to the cortex only by the rib- 
bon-like individual endodermal cells. 
These highly modified ence Pana cells 
of Selaginella are called tra 


he stem. | hey are root- 
ike in that they lack leaves and are posi- 
tively geotropic, but they are stem-like in 
that they originate externally and lack a 
root-cap (although this view of their on- 
togeny and anatomy is a matter of inter- 
pretation, which has recently been chal- 
lenged on precise technical grounds). The 
organization of the central cylinder resem- 
bles that of roots but is also similar to that 
in the less modified types of central cylin- 
der found in stems of other plants. There 
has been much argument as to whether 
rhizophores are roots, stems, or organs sui 
generis (of their own kind). Such contro- 
versy misses the fact that the fundamental 
and convenient classification of plant or- 
gans as roots, stems, and leaves cannot be 
expected to work perfectly among the more 
primitive kinds of vascular plants, in which 
the differences among these organs have 
not become wholly stabilized. 

The rhizophores are simple or occa- 


sionally branc d_the branching is 
dichotomous. Ils 
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usually near the tip. 
Another interpretation of the same obser- 
vations is that the rhizophore is a root, and 
that branch roots originate by simple 
dichotomies under the rootcap. In any 
case the roots originating from the rhizo- 
phore have a rootcap. They are sparingly 
branched, and the branching is dichoto- 
mous. A cross section of the small stele 
generally shows a single mass of xylem 
alongside a single mass of phloem. 

The leaves of Selaginella are micro- 
phylls much like those of Lycopodium, 
differing in the presence of a small mem- 
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rp. Fig. 19.7 Selaginella, two 
species; habit, (X2); 
branches (X4); sporophylls 
and vegetative leaves (X10, 
above and X6 below); c. 
cone; l., leaf; ms., mega- 
sporophyll; rp., rhizophore. 


branous outgrowth, the ligule, on the 
upper (adaxial) side near the base. The 
chlorenchyma cells of the leaf contain 
each a single, large, cup-shaped chloro- 
plast or several smaller chloroplasts. Each 
chloroplast contains several pyrenoids 
which are associated with the formation 
of starch grains. Selaginella, Isoetes, and 
the Anthocerotopsida are the only embryo- 
phytes with pyrenoids. 

The more primitive species of Sela- 
ginella have spirally arranged, alternate 
leaves, as do many species of Lycopodium. 
More often the stem has basieally opposite 
leaves, which are displaced so as to form 
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four rows, two rows on the upper surface 
and one row along each margin. The leaves 
of the marginal rows are distinctly larger 
than those of the upper rows. 

The sporophylls of Selaginella are 
much like the vegetative leaves and are 
always borne in terminal cones. ‘The axis 
of the cone may continue to elongate, 
however, producing ordinary vegetative 
leaves in the region beyond the strobilus. 
The sporophylls are often arranged in four 
distinct vertical rows, forming a four-sided 
strobilus. Each sporophyll bears a single 
sporangium on the adaxial surface near the 
base, or the sporangium may be in the 
axil of the sporophyll. 

The sporangia (Fig. 19.9) are of two 
types. The megasporangium contains one 
to four relatively large, thick-walled mega- 
spores. The wall of the megasporangium 
often encloses the megaspores so closcly 
that their outline governs the shape of 
the sporangium. The miucrosporangium 
contains many microspores, which arc 
much smaller and thinner-walled than the 
megaspores. The megasporophylls and 
microsporophylls are similar in appearance 
and are usually borne in the same strobi- 
lus, the microsporophylls commonly above 
the megasporophylls. 


Fig. 19.8 Selaginella. Left, long 
section of cone (X15); right, 
cross section of stem (diagram- 
matic) (X30) me ~cotiewe ec. 
epidermis; l, ligule; mes., 
megasporangium; mis., micro- 
sporangium; mx., metaxylem; 
ph., phloem; px., protoxylem; 
tr., trabecula. 


The megasporangia and microsporan- 
gia are basically similar in structure. ‘The 
jacket layer and the sporogenous tissue 
are differentiated early in the develop- 
ment of the sporangium. The jacket is 
two cells thick at maturity. The tapetum 
is a single layer of cells just within the 
yacket. At maturity the sporangia open in 
an apical slit, more or less as in Lyco- 
podium, but the dehiscence is more vio- 
lent and tends to expel the spores forcibly. 

The microsporangium contains a large 
number of potential microspore mother 
cells. Some of these degenerate just before 
maturity, but most of them undergo reduc- 
tion division, each producing a tetrad of 
microspores. The microspores have n 
chromosomes and represent the first step 
in the male gametophyte generation. De- 
velopment and maturation of the male 
gametophyte results from a number of 
mitotic cell divisions without any increase 
in size, and the mature male gametophyte 
(Fig. 19.10) is largely or wholly contained 
within the old mi 









; d 
the original protoplast of the microspore 
is the only source of nourishment. 

Germination of the microspores com- 
monly begins before they are shed from 
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Fig. 19.9 Sporangia and spores of Selaginella. 
Upper left, megasporophyll with megasporangium 
containing four megaspores (X20); upper right, 
microsporophyll with microsporangium (X20); 
lower left, megaspore (X100); lower right, micro- 
spore (X100). (From W. H. Brown, The plant 
kingdom, copyright 1935 and 1963; courtesy of 
Ginn & Company, Boston.) 





Fig. 19.10 Male gametophyte of Selaginella 
kraussiana. (X1400.) (After Stagg.) 





the microsporangium and continues with 
little or no interruption after they are re- 
leased. Just before maturity the male 
gametophyte consists of a multicellular 
antheridium and a single additional cell, 
the prothallial cell. The prothallial cell is 
considered to be an evolutionary vestige of 
the vegetative body of the gametophyte. 
The jacket of the antheridium is one ccll 
thiek; often it consists of exactly eight 
cells. The numerous sperms in the anthcr- 
idium each have two whiplash flagella at 
onc end. As the gametophyte nears ma- 
turity, the spore wall ruptures, exposing 
one end of the antheridium. The jacket 
cells soften and degenerate when moist- 
ened, or concurrently with spermatogene- 
sis, allowing the sperms to escape. 


The megasporangium of Selaginella 


contains a considerable number of poten- 
tial megaspore her- “Usually all 
| rate. The remain- 
ing megaspore mother cell undergoes re- 
duction division, generally producing a 
tetrad of megaspores. Sometimes one or 
more of the megaspores does not develop 
to maturity, so that the megasporangium 
has less than four megaspores. The mega- 
spores have n chromosomes and represent 
the first step in the female gametophyte 
generation. 





The megasporangium opens and the 
megaspores usually fall out, but sometimes 
they remain loose in the sporangium 
throughout the development of the female 
gametophyte. Development and matura- 
tion of the female gametophyte result 
from a number of mitotie cell divisions 
without much increase in size. ‘The proto- 
plast becomes multinucleate, and parti- 
tions are then formed, beginning at the 
top. The megaspore wall eventually rup- 
tures at one end, and the top of the 
mature gametophyte (Fig. 19.11) pro- 


all. The main source 
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of nourishment of the female gameto- 
phyte is the original protoplast of the 
megaspore, including its stored food. 

The female gametophyte generally 
produces several archegonia, but fertiliza- 
tion of the egg in one of these seems to 
inhibit further development from other 
archegonia. As in Lycopodium, the zygote 
gives rise to a suspensor and an embryo. 
The embryo has a primary root and a 
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Fig. 19.11 Female gameto- 
phytes of Selaginella. Left, side 
view of S. kraussiana. (X about 
50.) Right, top view of S. 
martensii. (X about 125.) 
(After Bruchmann.) Note the 
archegonia, distinguishable by 
the four neck cells. 


short stem with two opposite leaves (the 
cotyledons) near the tip. At the tip of 
the stem, between the cotyledons, is the 
ADI - i = — = E S ; 
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_meets the - } xcept for the 
foot, the embryo bears a striking resem- 
blance to the embryo of a dicotyledonous 
flowering plant, but the similarity 1s prob- 





Fig. 19.12 Life cycle of Sela- 
ginella: e., egg; g.s., germinat- 
ing sporophyte; z., zygote. 
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ably due to parallel evolution instead of 
close relationship. 


FossILs 


Heterosporous fossils resembling Sela- 
ginella are referred to the genus Selaginel- 
lites. Selaginellites is known from deposits 
as far back as the Upper Carboniferous 
period. Some species have 4 megaspores 
in a sporangium, as in Selaginella; others 
have from 16 to 24 megaspores, 

One of the most interesting fossils be- 
longing to the Sclaginellales is Miadesmia, 
(Fig. 19.13) from Carboniferous deposits: 
Miadesmia is vegetatively rather similar 
to Selaginella but differs in having the 
megaspore retained within the megaspo- 
rangium. The mature female gametophyte 
is closely enveloped by the megasporan- 
gium, only the tip being exposed by a 
small opening that develops in the mega- 
sporangium wall. The megasporangium 
itself is loosely enveloped, except for an 
apical opening, by an outgrowth from the 
surface of the megasporophyll. The whole 
megasporangium with its included female 
gametophyte is shed intact from the 
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megasporophyll. At this stage the mega- 
sporangium of Miadesmia is comparable 
in some respects to the seed of modern 
seed plants. In modern seed plants, how- 
ever, the female gametophyte is completely 
enclosed within the megasporangium, and 
the sperms are usually delivered to the 
egg through a spccial outgrowth (the pol- 
len tube) of the male gametophyte which 
grows through the miegasporangial wall. 
In fossil “seed plants” belonging to the 
Lycopodiophyta, the sperms evidently 
reached the egg in the normal pterido- 
phyte fashion—by swimming through a 
film of water—and no structure comparable 
to a pollen tube was necessary. Some bota- 
nists, therefore, object to the usual botani- 
cal practice of calling these megasporangia 
secds. 


LEPIDODENDRALES 


The Lepidodendrales are a group of 
fossil lycopods known from the Upper 
Devonian to the Permian period. They 
are similar to Selaginella in being hetero- 
sporous and in having ligulate leaves, but 


Fig. 19.13 Miadesmia 
sporophy!! with seed; above, 
surface view; below, in sec- 
tion; f.g., female gameto- 
phyte; |., ligule; ms., mega- 
sporangium wall; EVD., 
vascular bundle. (X25.) (Re- 
drawn from Benson.) 
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they differ in being much larger, com- 
monly of tree size. In the Selaginellales 
and Lycopodiales, the tissues of the ma- 
ture sporophyte are derived directly by 
maturation of cells produced from the 
apical meristem or apical cell. New apical 
meristems may arise adventitiously from 
internal tissues of the stem, commonly 
giving rise to roots, but it is still true that, 
with minor exceptions, all meristematie 
cells are associated with apical meristems. 
The Lepidodendrales commonly have, in 
addition to the normal apical meristems, 
a layer of persistent meristematic tissue 
between the xylem and the phloem of the 
stems and roots. ‘This lateral (as opposed 
to apical) meristem is called a vascular 
cambium. In plants with vascular cam- 
bium, the cambium typically forms a 
complete ring as viewed in cross section of 
the stem or root, but in the Lepidoden- 
drales the ring is often incomplete. Cam- 
bium produces new xylem on the inner 
side of the ring and new phloem on the 
outer side. Normally a cambium layer is 
only one cell thick. When a cambium cell 
divides, one of the two daughter cells re- 
mains a cambial cell, while the other usu- 
ally matures into either a xylem cell or a 
phloem cell, depending on its position. 
Tissues derived from cambium are called 
secondary tissues, in contrast to primary 
tissues, which are derived directly from 
the apical meristem. Growth resulting 
from cambial activity is called secondary 
growth. The structure and function of 
cambium are further discussed in Chapter 
la 

In addition to the vascular cambium, 
the Lepidodendrales commonly have an- 
other lateral meristem in the cortex. The 
cork cambium, or phellogen, as this meri- 
stem is called, produces cork cells on its 
outer surface and relatively unspecialized 
cells on its inner surface. The structure 
and function of phellogen are further dis- 
cussed in Chapters 24 and 25. When the 
term cambium is used without qualifica- 


tion, it usually refers to the vascular cam- 
bium rather than to the phellogen. 


The leaves of the Lepidodendrales are 
long and narrow, sometimes more than 
6 inches long, and usually with a single 
unbranched midvein. Anatomically they 
are microphylls, as contrasted to the mega- 
phylls of true ferns, which are described in 
Chapter 21. The leaves of the Lepido- 
dendrales were deciduous, i.e., they fell 
away from the stem some time after reach- 
ing maturity. The older parts of stems 
are commonly covered with characteristic 
scars marking the positions of former 
leaves. 


The rhizophore system of the Lepido- 
dendrales is unique. ‘The stem, which is 
unbranched for some distance above the 
ground, breaks up at the base into four 
large branches which undergo repeated 
dichotomies as they spread outward. The 
true roots originate endogenously (i.e., 
from internal tissues) from these branches. 
The roots are slender and commonly less 
than a foot long. They generally have 
a relatively large central cavity; a small 
excentrically placed stele lies next to the 
cortex adjoining one side of the cavity. In 
this feature the roots of the Lepidoden- 
drales resemble those of the modern genus 
Isoetes. The branches from which the 
roots of the Lepidodendrales originate are 
anatomically much like the stems, and, 
like the stems, they have well-developed 
secondary growth. These branches arc 
usually called rhizophores, and they have 
been compared to the more slender rhizo- 
phores of Selaginella. 


One of the commonest genera of the 
Lepidodendrales is Lepidodendron (Fig. 
19.14). Large specimens reached a height 
of well over 100 feet. The straight, tall 
trunk is dichotomously branched above to 
form a broad rounded crown. The leaves 
are narrow, commonly several inches long, 
and arranged in a close spiral. The older 
parts of the trunk are covered with closely 
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Lower Carboniferous. a, Restoration. B, Leaf, natural size. c, Cone 
and branch. D, Branch and leaves. £, Various forms of leaf-areoles. 
F, Sporangium,’ 1, 1, M, Bark, with leaf-scars. ' N, Bark, with leat- 
scars of old stem. o, Decorticated stem (Knorria). 


Fig. 19.14 Lepidodendron, as reconstructed by 
Dawson. 


set, spirally arranged scars marking the 
position of leaves which have fallen. 

Lepidodendron does not have seeds, 
and the female gametophytes of at least 
some species are rather similar to those 
of Selaginella. Some members of the 
Lepidodendrales have seeds of the type 
described in Miadesmia. These have not 
been found organically attached to the 
sporophytes, but seeds of the type known 
as Lepidocarpon possibly belong with 
sporophytes of the type known as Lepi- 
dophlois. Lepidophlois is vegetatively 
much like Lepidodendron, the most ob- 
vious differences lying in the shape of the 
leaf scars. 

Another common genus of the Lepi- 
dodendrales is Sigillaria. The leaf scars of 
Sigillaria are arranged in vertical rows, and 


the rows are often separated by longitu- 
dinal ridges on the stem. The trunk of 
Sigillaria is commonly unbranehed and 
sometimes several feet thick. The leaves 
are long and grass-like and are borne in a 
large cluster at the top of the trunk. These 
leaves are sometimes more than 3 feet 
long, and some of them have two parallel 
veins instead of the usual single midvein 
found in other lepidophytes. 

The rhizophore system of Sigillaria 1s 
apparently indistinguishable from that of 
Lepidodendron and a number of other 
genera of the Lepidodendrales. When they 
are found alone, without the remainder of 
the sporophyte, these rhizophore systems 
are given the generic name - Stigmaria. 
Stigmaria (Fig. 19.15) is a good example 
of what, in paleobotany, is called a form 
genus. A single name is necessarily used 
to cover fossil structures of a particular 
type, although it is realized that these 
are merely detached parts belonging to 
several genera which differ in other re- 
spects. D 


ISOETALES 


ISOETES 


Isoetes (Fig. 19.16), the quillwort, 1s 
the principal genus of the Isoetales. ‘There 
are about 50 specics, of which about a 
dozen occur in the United States. They 
grow in permanent or ephemeral ponds 
and lakes, slow streams, and swampy places, 
where they are submerged for part or all 
of the year. 

The sporophyte has a short, thickened 
base called the stock. The stock is as broad 
as or broader than high, commonly 1—2 cm 
broad, and bears both the leaves and the 
roots. The leaves are slender, commonly 
5-50 cm long, and clustered in a close 
spiral on the upper part of the stock. The 
sporophylls are similar to the other leaves. 
The roots arise endogenously from the 
lower part of the stock. 
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Fig. 19.15 Lepidodendron stumps on Stigmartan bases; natural sandstone casts at 
Victoria Park, Glasgow, An enclosure has been built to preserve these fossils from 


weathering and vandalism, 





The stock usually has two or three 
rather deep vertical furrows that make it 
two- or three-lobed. Otherwise it is ex- 
tcrnally rather simple, but internally it is 
quite complex. ‘There is a meristematic re- 
gion in a small depression at the top of 
the stock, but vertical growth proceeds 
only very slowly. There is a thick, par- 
enchymatous cortex and a small stele that 
commonly has a central core of xylem con- 
sisting of tracheids intermingled with par- 


Fig. 19.16 Isoetes. A, habit (x 
3/5); B, rhizophore, with roots 
and leaf bases (X3); C, sporo- 
phyll, inner surface view at base 
(X10); D, sporophyll, side view 
in long section at base (X10); 
E, cross section of leaf (X20); 
|, ligule; s., sporangium; t, 
trabecula; v, velum; v.b, vas- 
cular bundle. 


cnchyma. The upper part of the stele is 
more or less cylindric, and the xylem is 
surrounded by a thin sheath of phloem. 
The lower part of the stele is flattened and 
spade-shaped in two-lobed stocks, with the 
two edges aligned with the furrows. In 
three-lobed stocks, the lower part of the 
stele is three-lobed in cross section, and 
the phloem lies in three strands alternating 
with the lobes or arms of the xylem. One 
of the three xylem lobes is broader than 
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the others and probably consists of two 
fused lobes. It is thought that the ances- 
tors of Isoetes had a four-lobed stock with 
four radiating arms of xylem in the lower 
part. The three arms of xylem in the lower 
part of the stock are directed toward the 
three external furrows rather than toward 
the lobes. There is a persistent meriste- 
matic region at the outcr edge of each of 
the lobes of the stele, internal to the fur- 
rows of the stock. 

The leaves of Isoetes originate from 
the apical meristem at the top of the 
stock, and the leaf traces connect to 
the cylindrical upper part of the stele. The 
roots originate from the lower part of the 
stock, just internal to the furrows, and their 
vascular supply connects to the radiating 
arms of the stele. 

The proper morphological interpreta- 
tion of the stock has been much disputed. 
The most generally accepted view is that 
the upper part is a true stem and the lower 
part a highly modified rhizophore more or 
less comparable to the rhizophores of the 
Lepidodendrales. 

The central cylinder of Isoetes is not 
delimited by an endodermis, but it is sur- 
rounded by a peculiar sort of cambium ex- 
ternal to the phloem. On the inncr side 
this cambium produces a small amount of 
poorly differentiated secondary vascular tis- 
suc which in some species has been re- 
ported to contain both tracheids and sicve 
elements. On the outer side the cambium 
produces parenchyma. The outer tissues 
of the cortex are pushed farther and far- 
ther to the outside as the cambium con- 
tinues to produce new tissues from within. 
In at least some species the outer tissues 
die and degenerate concurrently with the 
formation of new parenchyma by the cam- 
bium, so that the cortex eventually comes 
to consist wholly of secondary tissue de- 
rived from the cambium. 

The roots of Isoetes are slendcr and 
commonly less than an inch long, either 
unbranched or with occasional dichoto- 


mies. They arise internally from the meri- 
stematic region at the lobes of the stele in 
the rhizophore part of the stock and break 
their way to the surface in the furrows. 
Continued growth of the internal tissues 
of the rhizophore pushes the roots farther 
and farther out from the center of the 
furrow, and new roots continue to appear 
in the furrow. Growth of the roots is due 
to an apical meristem which is protected 
by a rootcap. 

The root has a small stele and an ir- 
regular cortex. The stele is placed well to 
one side of the center of the root, and the 
central cortical cells soon degenerate, leav- 
ing a large cavity near one side of the stele. 
The stele contains a single strand of xylem 
alongside a single strand of phloem and 
is surrounded by a well-defined endodermis. 

The leaves of Isoetes are elongate, 
slender, and more or less cylindrical, with 
a flattened broader base. There is a small 
ligule on the inner side about at the top 
of the flattened part. A single vascular 
bundle runs the length of the leaf, which 
is anatomically a microphyll. ‘The cylin- 
drical part of the leaf contains four large, 
longitudinal air cavities spaced around the 
vascular bundle, so that in cross section 
the leaf tissue forms a circle enclosing a 
cross. The air cavities are interrupted by 
frequent transverse partitions. Often the 
peripheral tissue of the leaf contains four 
longitudinal strands of sclerenchyma, one 
adjoining cach of the four thin partitions 
between the air cavities. The leaf has a 
well-defined epidermis, and, when it de- 
velops in the air rather than in the water, 
it contains definite stomates. 

The leaves of Isoetes are usually an- 
nual, a new crop being produced each year. 
The outermost leaves often do not bear 
sporangia. The next inner leaves generally 
bear megasporangia, the next inner ones 
microsporangia, and the innermost ones 
bear rudiments of sporangia. The mega- 
sporangia and microsporangia are very 
much alike except for the kind and num- 
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ber of spores they contain, being more or 
less ellipsoid and commonly about % inch 
long. ‘The sporangium is more or less em- 
bedded in the flattened basal part of the 
leaf, on the inner side, and is usually 
partly, or even wholly, covered by a flap of 
leaf tissue called the velum. The interior 
of the sporangium is incompletely and ir- 
regularly divided by a series of transverse 
or slanting plates or bars called trabeculae. 
Trabecula is merely a Latin word meaning 
little beam, and the trabeculae of an 
Isoetes sporangium have nothing to do 
with the trabeculae of a Selaginella stem. 
The sporangia of Isoetes are of the 
usual eusporangiate type, and the trabecu- 
lae represent modified potentially spo- 
rogenous tissue. A tapetum, one or two 
cells thick, is formed from the outer cells 
of the sporogenous tissue. ‘The microspores 
are very small and numerous, and as many 
as a million of them may be borne in a sin- 
gle microsporangium. The megaspores are 
larger, up to about 1 mm thick, and 50 to 
300 of them are borne in a megaspo- 
rangium. As in other embryophytes, the 
spores are the immediate products of re- 
duction division and are the first step in the 
gametophyte generation. The sporangia are 
indehiscent, and the spores are liberated 
only by the decay of the sporangial wall. 
The spores may germinate as soon as 
they are released, or they may remain dor- 
mant for months. The male gametophyte 
takes about 2 weeks to mature and com- 
pletes its development while still enclosed 
within the microspore wall. It (the male 
gametophyte) consists of an antheridium 
plus a single prothalhial cell. ‘The prothal- 
lial cell is considered to be an evolutionary 
vestige of the vegetative body of the game- 
tophyte. Just before maturity, the an- 
theridium consists of four jacket cells 
which collectively enclose the four cen- 
tral cells. Each of these central cells ma- 
tures into an elongate, naked sperm with 
numerous, long, whiplash flagella. ‘The 
jacket eells and the prothallial cell die and 


disintegrate as the sperms are maturing, 
and the microspore wall ruptures irregu- 
larly, releasing the sperms. 

The female gametophyte of Isoetes 
generally takes 2-4 weeks to mature. Like 
the female gametophyte of Selaginella, it is 
multicellular and is largely enclosed within 
the megaspore wall, which cracks open at 
one end. Usually some rhizoids protrude 
from the opening, but there is no photo- 
synthetic tissue, and throughout its devel- 
opment the female gametophyte is de- 
pendent on the food originally stored in 
the megaspore. Several archegonia are 
formed at the exposed end of the gameto- 
phyte, developing in the same way as in 
other lycopods. Fertilization takes place in 
the usual way for the division. 

The embryo of Isoetes differs from 
that of Lycopodium and Selaginella in 
lacking a suspensor. After a series of mitotic 
divisions, the embryo becomes a three- 
lobed structure, the three lobes represent- 
ing the foot, the primary root, and the 
cotyledon (primary leaf). The root and the 
cotyledon break through the tissue of the 
gametophyte and grow in opposite direc- 
tions, the root downward, the leaf upward. 
The region where the root joins the 
cotyledon, opposite the foot, eventually 
develops into the stock of the mature 
sporophyte, giving rise to new leaves and 
roots. By the time the sporophyte has be- 
come established as an independent plant, 
the cells of the female gametophyte have 
mostly disintegrated and the food from 
them has been absorbed by the foot. 


FossILs 


Fossils resembling Isoetes are known 
from the Lower Cretaceous period to the 
present and are referred to the genus 
Isoetites. A well-known Triassic fossil, 
Pleuromeia (Fig. 19.17), is more or less 
intermediate between the Isoetales and the 
Lepidodendrales and has been referred by 
different authors to each of these orders. 
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Fig. 19.17 Pleuromeia, as reconstructed by 
Hirmer. 


Pleuromeia has numerous slender vege- 
tative leaves on a stout, unbranched, erect 
stem up to about 2 m tall. The leaves are 
several inches long, in the same size range 
as many modern species of Isoetes. ‘The 
sporophylls are very short and broad and 
are borne in a terminal strobilus. 

The rhizophore of Pleuromeia is of 
particular interest because it suggests how 





the rhizophore of Isoetes may have been 
derived from that of the Lepidodendrales. 
The rhizophore of Pleuromeia is a massive, 
laterally four-lobed structure on which the 
stem is seated and from which numerous 
roots originate. Eaeh of these four lobes 
presumably represents one of the four 
branches of the stigmarian system of the 
Lepidodendrales. If two of these lobes 
were partly fused into one, the rhizophore 
would have about the same shape as the 
primary vascular system of the Isoetes 
thizophore. The lobes of the Isoetes rhizo- 
phore result from overgrowth of tissues 
between the meristems which lie at the tip 
and lower edge of each xylem arm, so that 
the meristems come to lie under the hol- 
lows rather than under the lobes of the 
thizophore. The lobes of the Pleuromeia 
thizophore, therefore, probably correspond 
to the sinuses between the lobes of the 
Isoetes rhizophore, but the point of the 
comparison is that it is possible to see how 
the rhizophore of Isoetes could be derived 
from that of Pleurombvia. The shortening of 
the stem, so that the stem and rhizophore 
form a single structure, as in Isoetes, would 
be an easy final step. It is not contended 
that Pleuromeia is direetly ancestral to 
Isoetes, however, especially because of the 
difference in the sporophylls. 


ECONOMIC IMPORTANCE 


The modern lycopods are of very 
minor economic importance. ‘They furnish 
a little forage for wild animals. Some spe- 
cies of Lycopodium are used in Christmas 
decorations, and a few species of both Ly- 
copodium and Selaginella are oecasionally 
grown for ornament. Selaginella lepido- 
phylla (Fig. 19.18), a species of dry re- 
gions from Mexico to Peru, is often sold 
under the name of resurrection plant. In 
very dry weather the plant is dormant and 
forms a tight gray-brown ball, but when 
the supply of moisture is restored, it unrolls 
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to form an attractive green plant. The 
spores of Lycopodium, sold as lycopodium 
powder, are used in compounding certain 
medicaments to form a smooth bland 
cover; they have also been used in the past 
as a flash powder. 

The extinct members of the division 
are of greater economic importance than 
the living ones. The Lepidodendrales were 
among the principal conttibutors, along 
with the Equisetophyta, to the vegetable 
deposits of the Carboniferous period which 
became transformed into coal. Cannel coal, 
which burns with a bright and nearly 
smokeless flame, is derived largely from 
the spores of Lepidodendrales and Equise- 
tophyta. 


RELATIONSHIPS 


The Lycopodiophyta are evidently de- 
rived from the Rhyniophyta, frorn which 
they differ in having true roots, in regularly 
having a distinct midvein in the leaf, and 
in the consistently axillary or foliar posi- 
tion of the sporangia. Some of the rhynio- 
phytes have the sporangia lateral on the 


Fig. 19.18 Resurrection 
plant (Selaginella  lepido- 
phylla). (About natural size.) 
(New York Botanical Garden 
photo.) 


stem, but hardly axillary. The presence of 
roots in the lycopods is doubtless an evolu- 
tionary advance over the rootless condition 
of the rhyniophytes, as is also the position 
of the sporangia. Possibly the sporangia be- 
came axillary by shortening the sporan- 
gium-bearing branch, and the placement of 
the sporangium on the adaxial surface of 
the leaf is a further modification. Another 
view is that the lateral sporangia of some 
thyniophytes, such as Asteroxylon, are just 
as primitive as the terminal sporangia of 
Rhynia, and that this lateral position does 
not have a terminal ancestry. A slight re- 
arrangement from the structure in Astero- 
xylon would give the axillary sporangia of 
lycopods. Whethcr the vascularization of 
lycopod leaves is an advance over the non- 
vascularized leaves of rhyniophytes such as 
Asteroxylon is an open question, discussed 
in Chapter 21, but it seems that in any 
case the leafless vascular plants such as 
Rhynia probably preceded any leafy types. 

The modern species of Lycopodium 
which lack a well-defined strobilus are ap- 
parently not far removed from the an- 
cestral prototvpe of the Lycopodiophyta. 
The leafy shoots of Baragwanathia, one of 
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the oldest known fossils of vascular plants, 
closely resemble the leafy shoots of this 
group of Lycopodium, although there are 
some minor anatomical.differences. 

The Lycopodiales; Selaginellales, and 
Lepidodendrales are all obviously related. 
The Lycopodiales, which are homosporous 
and have eligulate leaves, are the Icast re- 
moved from the ancestral rhvniophytes and 
are obviously the most primitive of the 
three orders. The Selaginellales, which are 
heterosporous and have ligulate leaves, 
seem to be derived from early Lycopodi- 
ales. The Lepidodendrales are a further de- 
velopment from presumed early Selaginel- 
lales, from which they differ in their larger 
size and usually well-developed secondary 
growth. Fossils which recognizably repre- 


sent the Selaginellales do not extend as far 
back in geological time as the Lepido- 
dendrales, but this may merely reflect the 
incompleteness of the known fossil record. 

The Isoetales are rather isolated from 
the other three orders of the division, al- 
though their ligulate leaves and hetero- 
spory link them to the Selaginellales and 
Lepidodendrales. The possible derivation 
of the Isoetales from the Lepidodendrales 
has been discussed on pp. 340-341. 
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DIVISION 
EQUISETOPHYTA 


Horsetails and Scouring Rushes 


Young fertile shoots of the common horsetail, Equisetum arvense. (X2.) (Photo by Hugh 
Spencer, from National Audubon Society.) 





Vascular plants with roots, stems, and leaves; gametophyte and 
sporophyte physiologically independent of each other at maturity, but 
the gametophyte small and inconspicuous; stems jointed and 


longitudinally striate; 





hose of modern species 


microphylls; sporangia borne on more or less strongly modified 
sporangiophores which are arranged in whorls in a terminal strobilus. 
A single living class, the Equisetopsida, plus two fossil classes, the 


Hyeniopsida and Sphenophyllopsida. 


HISTORY AND CHARACTERISTICS 


The Equisetophyta (often also called 
Sphenopsida, Calamophyta, ‘or Arthro- 
phyta) were first formally recognized as a 
distinct division by Bessey in 1907. The 
events leading up to this classification are 
discussed in Chapter 2]. In this text the 
term equisetoids is frequently used as the 
English equivalent of the divisional name 
Equisetophyta. 

The sporophyte is the conspicuous 
generation of the equisetoids, the gameto- 
phyte being a small thallus seldom over 
1 cm wide. | 


rity. Many equisetoids of Carbonit- 
erous time were trees, but the modern 
species are smaller plants, seldom much 
over 1 m tall and without secondary 
thickening. 

All modern equisetoids are usually 
considered to belong to the single genus 
Equisetum. The fossil forms referred to the 
Equisetophyta include some plants similar 
to Equisetum, some which appear to be 
transitional to the rhyniophytes, and some 
which represent a line of development 
quite different from Equisetum. All these 
forms have whorled leaves, and nearly all 


have distinctly jointed stems that are longi- 


tudinally striate. 


omology of the sporangiophores with 
leaves is not very evident in most members 











of the group (including all the modern 
species), and the term sporophyll is there- 
fore avoided. 


CLASSIFICATION 


The Equisetophyta are here consid- 
ered to consist of three classes, the Hyen- 
opsida, Sphenophyllopsida, and Equiset- 
opsida. The Hyeniopsida and Sphenophyl- 
lopsida are known only from ancient fos- 
sils, but the Equisetopsida have both 
modern and fossil representatives. ‘The Hy- 
eniopsida, with the single order Hyemiales, 
are more or less transitional to the Rhyn- 
iophyta. The Sphenophyllopsida, with the 
single order Sphenophyllales, are marked 
by their protostelic stems and well devel- 
oped leaves with a dichotomously branch- 
ing vascular system. The Equisetopsida 
consist of two obviously related orders, the 
Equisetales (both living and fossil), and 
the Calamitales (fossil only), which are 
discussed in some detail in the following 
pages. The Equisetopsida have a well de- 
veloped pith, and have reduced leaves with 
generally a single unbranched vein. 


EQUISETALES 


EQuISETUM 


There are about 20 species of Equt- 
setum (Fig. 20.1), wi 
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The epidermal cells of the 
stem contain appreciable amounts of silica, 
and the species with relatively firm stems 
were used in pioneer communities for 
scouring pots and pans, whence the name 
scouring rush. The common name horse- 
tail is also often used, especially for the 
species with branching stems. As we have 
noted, all modern members of the Equi- 
setales belong to the genus Equisetum. 


Tuer SHoor 


The stem of Equisetum is green and 
photosynthetic, less than an inch thick, 








Fig. 20.1 Equisetum. A-E, 
Equisetum arvense: A, fertile 
shoot (X1); B, sterile shoot 
(X1/4); C, strobilus (X2); D, 
sporangiophore (X20); E, part 
“my of stem (X3). F, Equisetum 
hiemale (X1/4); l.s, leaf 
sheath; r., rhizome; s., sporan- 
gium. 


and seldom much over | m tall. It is con- 
spicuously jointed, with a whorl of small 
narrow leaves at each joint. The basal part 
of each internode is meristematic, and m9 






: he 
meristematic tissue consists of soft, thin- 
walled cells, and the stems can readily be 
pulled apart at the nodes. The stem is 
longitudinally ribbed and grooved, with 
the ribs and grooves tending to alternate 
in successive internodes. Each leaf is di- 
rectly aligned with a rib of the internode 
beneath it. When the number of ribs in 
successive internodes is the same, as is 
usually the case, each leaf also lies over 
a groove in the internode above it. 
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The leaves are usually less than an 
inch long, and the members of each whorl 
arc joined by their lateral margins to form 
a sheath around the stem. The tips of the 
leaves are usually free*from each other, so 
the sheath is toothed at the apex. 








Branches of the stem of Equisetum 
arise from small branch primordia which 
alternate with the leaves at the surface of 
the stem at each node. The branch pri- 
mordia, like the leaves themselves, are de- 
rived from the apical cell of the stem. A 
branch primordium may give rise imme- 
diately to a branch with its own apical 
cell, or it may remain dormant for some 
time before developing, or it may never 
develop beyond the primordium stage. ‘The 
branches break their way through the basal 








part of the lcaf sheath, so that on casual 
inspection thcy seem to be borne just be- 
neath the leaves. The branches are gen- 
erally smaller than the main stem from 
which they arise, with fewer leaves in 
each whorl. 

The stem is differentiated into an epi- 
dermis, cortex, endodermis, and central 
cylinder. All tissues are derived directly 
from the apical ccll or from the intercalary 
mcristems; there is(no secondary thicken- 
ing.| The stele consists of a large, par- 
enChymatous, central pith surrounded by 
a regularly arranged network of vascular 
tissues. Most of the pith usually soon de- 
generates, leaving a large central cavity in 
the stem. This central cavity is interrupted 
at each node by a thin diaphragm of firm 
tissue. 

The vascular tissue of the stem forms 
a continuous transverse ring at each node, 
and these nodal rings are connected by 
distinct vascular bundles running the 
length of the internodes. Each vascular 


Fig. 20.2 Equisetum. A, B, 
spore, with elaters wrapped 
around and spread out (X 
175); C, diagram of vascular 
anatomy of stem; D, cross 
section of part of stem (X 
7); E, detail of cross section 
of part of stem (X35); b.t., 
branch trace; c.c., carinal 
canal; chl., chlorenchyma; 


end., endodermis; ep., 
epidermis; t.t, leaf trace; 
mXy., metaxylem; pa., 


parenchyma; pe., pericycle; 
ph., phloem; pxy., primary 
xylem; sc., sclerenchyma; st., 
stomate; v.b., vascular bun- 
dle; v.c., vallecular canal. 
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bundle lies under (centripetal to) one of 
the external ridges of the stem. The tissue 
between adjacent vascular bundles is usu- 
ally parenchymatous. The protoxylem of a 
vascular bundle, as seen in cross section, 
consists of a few annular or spiral tracheids 
on the inner side of the bundle. Several 
layers of parenchyma cells intervene be- 
tween the protoxylem and the remainder 
of the vascular tissue of the bundle. The 
outer part of the bundle consists of a mass 
of phloem, with a few metaxylem tracheids 
at each side. The phloem is composed 
largely or wholly of elongate sieve cells 
that have slanting end walls and scattered 
sleve areas. 

The leaf traces depart from the lower 
edge of the nodal ring, just at the top of 
each vascular bundle of the stele, and the 
ring is continuous above the trace. Since 
they depart from the bottom of the ring, 
rather than from the top, the leaf traces 
are believed to bear no causal relationship 
to the gaps between the vascular bundles 
of the succeeding internode. The branch 
traces alternate with the leaf traces at the 
nodal ring. Each branch trace departs 
from the nodal ring as a small cylinder of 
vascular tissue, enclosing a pith. The pith 
enclosed by the branch trace is continuous 
with thé pith of the main stem, forming 
a branch gap in the vascular tissue of the 
nodal ring. 

In addition to the central cavity, the 
stem generally has two rings of longitu- 
dinal cavities, called the carinal canals and 
the vallecular canals. A small carinal canal 
lies just internal and immediately adja- 
cent to the primary xylem of each vascu- 
lar bundle. A usually larger vallecular canal 
lies in the cortex just under each groove 
of the stem, alternating with the vascular 
bundles but closer to the surface. The val- 
lecular canals are filled with air and evi- 
dently serve to aerate the submerged parts 
of the stem. The carinal canals and the 
central cavity often contain water, how- 
ever. 





The pericycle of the stem of Equi- 
setum generally consists of a single layer 
of cells forming a sheath just external to 
the vascular bundles and just internal to 
the endodermis. Somctimes there is a sec- 
ond endodermis delimiting the pith from 
the vascular part of the stele, and in some 
species each vascular bundle is ensheathed 
by its own endodermis, there being then no 
barrier between the cortex and the pith. 

The cortex is anatomically complex, 
containing sclerenchyma, chlorenchyma, 
and simple parenchyma. The sclerenchyma 
commonly forms a column just internal to 
each ridge of the stem, and sometimes a 
smaller column just internal to each 
groove, and often the columns are laterally 
joined at intervals to form a network. The 
cortical sclerenchyma forms the principal 
supporting tissue of the stem. The outer 
part of the cortex, other than the scleren- 
chyma, consists of thin-walled cells that 
have chloroplasts. This chlorenchyma is 
the principal or only photosynthetic tissue 
of the plant. The inner part of the cortex 
consists of colorless parenchyma, some- 
times with intermingled sclerenchyma. 

The cells of the epidermis have highly 
silicified walls, often with well-devcloped 
and regularly arranged external projections, 
so that the epidermis is minutely rough 
to the touch. The stomates are usually 
confined to the groove between the 
ridges. 

The aerial stems of Equisetum arise 
as branches from a rhizome that creeps 
along beneath the surface of the ground. 
The rhizome is anatomically rather similar 
to the aerial stems, except that it often 
lacks the prominent cavities. The aerial 
stems of some species are annual, dying 
down each year; in other species they are 
perennial, lasting through several years. In 
the common species E. arvense 
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a terminal cone and then wither and die. 





Tue Root 


The roots of Equisetum are slender 
and rather short, seldom over an inch 
long, with or without a few lateral 
branches. The roots originate at the nodes 
of the rhizome and subterranean parts of 
the aerial branches. Their origin has vari- 
ously bcen reported as endogenous, and as 
exogenous from buds at the nodes; the 
question remains to be settled. Growth 
of the root is due to a well-developed 
apical cell that is covered by a rootcap. 
The central cylinder is a small protostele. 
In cross section the xylem forms a solid, 
more or less star-shaped central mass 
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of tracheids, with the protoxylem at the 
points. The phloem lies in separate strands 
between the arms of xylem. | 
le, and the vascular tissue is di- 
ctly surrounded by an endodermis which 
is unusual in being two cells thick. 







nd oe ee We 


“he inner part of the cortex is paren- 
chymatous, but the outer part consists of 
thick-walled cells at maturity. Many epi- 
dermal cells produce root hairs. 


LirE CYCLE 













groupe a terminal cone commonly 
one to sevcral centimeters long. The spo- 
rangiophores are arranged in successive 
whorls on the axis of the cone, in the same 
way as the leaves on the vegetative part of 
the stem. Each sporangiophore has a basal 
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Fig. 20.3 Equisetum. Part of strobilus in long section, showing sporangiophore and 
sporangia. (Courtesy CCM: General Biological, Inc., Chicago.) 
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stalk and an expanded, usually hexagonal 
cap at right angles to the stalk. The caps 
of adjacent sporangiophores fit more or 
less closcly together. 

Each sporangiophore has five to ten 
sporangia attached to the lower side of 
the cap in a ring around the stalk. The 
sporangia are more or less cylindric and 
commonly 2 to several millimeters long. 
Equisetum is considered to be eusporangi- 
ate, although the pattcrn of sporangial dc- 
velopment differs in detail from that of 
other eusporangiate plants. All the spo- 
rogenous tissue and the upper part of the 
jacket are derivcd from a single sporangial 
initial, but the lower part of the jacket is 
derived from surrounding cells of the spo- 
rangiophore. 

The tapetum of the sporangium is ir- 
regular and generally several cells thick, 





the outer cells being derived from the 
jacket of the sporangium, and the inner 
from the sporogenous tissue. About a third 
of the potential spore mother cells degen- 
erate more or less concurrently with the 
tapetal cells, and the remaining spore 
mother cells undergo reduction division 
to form tetrads of spores. 

The spores (Fig. 20.2) have n chromo- 
somes and are the first cells of th eto- 
phyte generation. F 






: | oug 
quite unlike the elaters of liverworts. Under 
moist conditions the elaters are spirally 
wound around the spore, but when dry 
they extend out from it and add to its 
buoyancy in the air. When the spores are 
mature, the jacket of the sporangium, now 


Fig. 20.4 Equisetum. A, 
antheridium, long section. (X 
250.) B, archegonium, long sec- 
tion. (X400.) (After Jeffrey.) C, 
gametophyte with young sporo- 
phytes (X about 5.) D, sperm 
(3000) (after Sharp); e., egg., 
n.c, neck canal cell; v.c., ven- 
tral canal cell. 
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only one or two cells thick, dehisces along 
a single longitudinal line, and the uncoil- 
ing of the elaters helps to expel the spores 


but there may be a functional di erence, 


at least in some species. In the common 
species E. arvense, it has been reported 
that half the spores produce male gameto- 
phytes, while the other half produce ga- 
metophytes which are at first female but 
which eventually produce antheridia if 
none of the archegonia is fertilized. In 
some other species the gametophytes are 
probably all of the second type described 
for E. arvense. 

The gametophyte is a cushion-shaped 
thallus, varying from pinhead size to 1 cm, 
or rarely 3 cm wide. The thallus has rhi- 
zoids on the lower surface and numerous 
small, erect, flattened and irregularly 
shaped lobes on the | 












Fig. 20.5 Life cycle of Equi- 
setum. 


ehe gametophytes com- 


monly mature in a month or so, but they 
may continue to live for as long as 2 years. 
The thallus is meristematic all around the 
margin, and the gametangia, which origi- 
nate near the margins, may come to be 
distributed over much of the surface of the 
cushion as marginal growth continues. 






ycopodium and develop in about the 
same way. The naked, spirally twisted 
sperms have numerous whiplash flagella 
toward one end. The sperms escape from 
the antheridium through a small opening 
formed by the disintegration of an oper- 
cular cell. They swim to the egg through 
a film of water, bei ical 









e fertilized egg has 2n chromosomes 
and is the first step in the sporophyte gen- 
eration. The cmbryo which develops from 
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the fertiliz 





rom the embryo of most lepidophytes in 
lacking a suspensor. The foot absorbs food 
from the body of the gametophyte and 
passes it on to the remainder of the em- 
bryo. The primary root forces its way down 
through the body of the gametophyte into 
the soil, and the shoot pushes up through 
the archegonium into the air. The first 
leaves are usually borne in a whorl of 
three or four, unitcd into a sheath, and are 
much like the mature leaves. 

The primary stem does not generally 
develop more than 10 or 15 internodes. A 
branch develops from one of the basal 
nodes, and from this branch, or from one 
of its successors formed in the same way, 
a branch which develops into a rhizome is 
eventually produced. The ordinary aerial 
stems of the mature sporophyte arise as 
branches from the rhizome. 


FossILs 


Fossils essentially similar to Equisetum 
are referred to the genus Equisetites and 
are known from as far back as the Upper 
Carboniferous period. Some other fossils 
are apparently transitional between the 
Equisetales and Calamitales. 


CALAMITALES 


The Calamitales (Fig. 20.6) are fos- 
sils that resemble Equisetum except for 
their larger size, well-developed secondary 
thickening, and different cone structure. 
The cone has whorls of sterile appendages 
alternating with the whorls of sporangio- 
phores. Large plants possibly reached a 
height 100 feet, with a stem 2 feet ‘thick; 
but a height of 20 to 30 feet was probably 
more common. ‘The stem is longitudinally 
ribbed, with the ribs sometimes alternat- 
ing in successive nodes as in Equisetum, 
and sometimes directly superposed. Inter- 








Fig. 20.6 Calamites, reconstruction. 


nally the stem is usually hollow, as in 
Equisetum, with solid diaphragms at the 
nodes. Vallecular canals are lacking, but 
there are carinal canals as in Equisetum. 
The primary vascular structure resembles 
that of Equisetum, but there is also a 
well-developed layer of secondary xylem 
composed largely of tracheids. A cork cam- 
bium, similar to that described for the 
Lepidodendrales, produced a layer of corky 
tissue toward the outer part of the cortex, 
forming a protective outer covering on the 
mature parts of the stem. The roots also 
show some secondary thickening, and they 
at least sometimes havc a double layer of 
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endodermis as in Equisetum. The leaves 
are small and narrow, not more than about 
an inch long, and sometimes more or less 
connate as in Equisetum, but their struc- 
ture indicates that they were photosyn- 
thetic. 

The Calamitales are known from the 
Late Devonian to the Early Permian pe- 
riod and were abundant throughout the 
Carbonifcrous. There are numerous spe- 
cies, with considerable differences in de- 
tailed morphology. Some species were dis- 
tinctly heterosporous, but no seed-bearing 
forms are known. The plants were readily 
fragmented, and it is often difhcult to 
match up parts that have been separately 
preserved as fossils. A number of different 
generic names have been applied to cala- 
mitean fossils representing various parts of 
the plant, but in the broad sense they are 
sometimes all referred to the genus Cala- 
mites. If the plants existed today, so that 
they could be more thoroughly studied 
and compared, they would doubtless be 
classified into several different genera. 


SPHENOPHYLLALES 


Although they are clearly equisetoids, 
the Sphenophyllales represent a line of de- 
velopment quite different from the Equise- 
tales and Calamitales. Features which 
cause the Sphenophyllales to be referred to 
the Equisetophyta are the jointed, longi- 
tudinally ribbed stem, whorled leaves, and 
terminal strobilus. The stem, leaves, and 
strobilus are all anatomically unlike Equise- 
tum, however. 

The stem, which reaches a maximum 
thickness of about 1 cm, has a solid proto- 
stele. In cross section the xylem forms a 
usually triangular core, with the protoxy- 
lem at the points. Both secondary xylem 
and phloem and secondary outer protective 
tissues are present in some quantity. 

The leaves are mostly less than an inch 





Fig. 20.7 Equisetoid fossils. Top, Sphenophyl- 
lum; bottom, Annularia. (X about 2/3.) 


long, more or less wedge-shaped or fan- 
shaped, and toothed or cleft from the tip. 
The single vein which enters the leaf is 
dichotomously branched, with one of the 
ultimate branches directed to each terminal 
tooth or lobe. 
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The cone usually bcars a number of 
whorls of leaf-like appendages, and the 
members of each whorl are often joined 
by their margins to form a mote or less 
cup-like structure. Axillary to these ap- 
pendages, and often more or less adnate 
to the upper surface, is a sporangiophore, 
which is usually branched, with two or 
more terminal sporangia. Less often the 
sporangiophores alternate with the sub- 
tending appendages instead of being di- 
rectly superposed. 

The most common genus of the 
Sphenophyllales is Sphenophyllum (Fig. 
20.8), which covers the whole known life 
span of the order. It is found in rocks of 
Late Devonian to Triassic age, being most 
abundant in the Upper Carboniferous and 
Early Permian. No modern descendants 
of the Sphenophyllales are known. 


HYENIALES 


The Hyeniales are equisetoids which 
appear to be transitional toward the rhyni- 
ophytes. There are two genera, Hyenia and 
Calamophyton (Fig. 20.9), both from 
rocks of Middle Devonian age. The leaves 
in both genera are whorled, and in Cala- 
mophyton the young stems are distinctly 
jointed. The height of the plants is uncer- 
tain, but they were evidently not very 
large; the stems are up to about 1 cm 
thick, and branch systems 20 cm long have 
been found. The leaves are up to an inch 
long, in some species dichotomously sev- 
eral times branched, in others merely 
notched or bifid at the tip. 

The stem in Hyenia and Calamophy- 
ton is irregularly and more or less dichoto- 
mously branched, with some of the dichot- 
omies often so close together that the 
branching appears to be digitate (like the 
fingers of a hand). In this respect the Hy- 
eniales differ from other members of the 
division, in which branches arise at the 
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Fig. 20.8 Sphenophyllum, reconstruction. (X 
about 1/3.) (Courtesy of the Field Museum of 
Natural History.) 


nodes of a continuing main axis and are 
usually whorled. Fertile stems or branches 
of the Hyeniales terminate in a lax stro- 
bilus with whorled sporangiophores. Each 
sporangiophore is apically bifid, with the 
two branches recurved and beating sporan- 
gia at the tip. In Hyenia each branch has 
two or mote sporangia, but in Calamophy- 
ton each branch has only one sporangium. 
The stem anatomy and underground struc- 
ture of the Hyeniales are scarcely known, 
although a stout rhizome has been de- 
scribed for one species of Hyenia. 
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Fig. 20.9 Hyenia (left) and Calamophyton (right). (After Krausel and Weyland; courtesy 
of Ginn & Company, Boston.) : 


ECONOMIC IMPORTANCE 


The modern equisetoids are eco- 
nomically insignificant. Equisetum arvense 
is mildly poisonous to livestock but is sel- 
dom eaten in sufficient quantities to cause 
serious trouble. The Calamitales were 
among the most abundant plants of the 
Carboniferous period, at least in swampy 
areas, and were, therefore, important con- 
tributors to the deposits of vegetation 
which later became transformed into coal. 


RELATIONSHIPS 


The Equisetophyta are generally be- 
lieved to be derived from the Rhyniophyta. 


Hyenia, which has dichotomously branched 
unjointed stems, is placed with the equise- 
toids because of its whorled leaves and 
sporangiophores, the presence or absence 
of roots in the genus being as yet uncer- 
tain. The sporangiophores of Hyenia and 
Calamophyton are of particular interest. 
On the one hand, they resemble the fertile 
branch tips of Psilophyton; on the other, 
they seem to be homologous with the 
leaves that are borne lower down on the 
stem. The sporangiophores of Equisetum, 
which do not resemble leaves, could readily 
enough be derived from sporangiophores 
of something like Hyenia. The leaves of 
many fossil equisetoids are dichotomously 
branched, like stems, or have a dichoto- 
mously branched vein system. 
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The inference to be drawn from these 
facts is that both the leaves and the spo- 
rangiophores of the Equisetophyta are modi- 
fied branch stems. The Sphenophyllales 
represent a line in which the members of 
a more or less extensive branch system 
were laterally coalesced to form a flat leaf 
blade with dichotomous venation. The 
Calamitales and Equisetales represent a 
line in which the leaves were reduced to 
simple unbranched appendages, and these 
appendages later became joined by their 
margins to form the characteristic nodal 
sheaths. The nature and evolutionary ori- 
gin of leaves are further discussed in Chap- 
fener | 


The Calamitales and Equisetales are 
closely related and are sometimes placed 
in a single order Equisetales. The Equi- 
setales do not extend so far back in the 
fossil record as the Calamitales, but this 
may well be because of the fragmentary 
nature of the record. It is generally be- 
lieved that the Equisetales are reduced 
derivatives of the Calamitales, but the 
possibility cannot yet be excluded that the 
Equisetales are the more ancient group, 
from which the Calamitales were a tem- 
porarily successful offshoot that died out 
without descendants. 
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POLYPODIOPHYTA 


Ferns 


Part of a leaf of Cyathea arborea, a West Indian tree fern. (Photo by W. H. Hodge.) 
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Vascular plants with roots, stems, and 


e leaves 


megaphylls, the central cylinder of the stem generally with leaf gaps; 
gametophyte and sporophyte physiologically independent of each other 
at maturity, but the gametophyte small and inconspicuous; sporangia’ 





A Sine: class, the Polo dia ida 


HISTORY 


One of the most obvious distinctions 
in the plant kingdom is that between the 





The stamens (microsporophylls) and 
ovules (young seeds) of seed plants obvi- 
ously represent male and female reproduc- 
tive structures, whence the name phanero- 
gam (from Greek phaneros, visible, and 
gamos, marriage). The method of repro- 
duction of cryptogams (from Greek kryp- 
tos, hidden) is not so immediately evident. 

The life cycles of Equisetum, Isoetes, 
Selaginella, and many mosses and ferns 
were first worked out by the German bot- 
anist Wilhelm Hofmeister. The book pre- 
senting his results, published in 1851, is a 
landmark of botanical history. Hofmeister 
did not fully understand the processcs of 
gametic union and meiosis, with the asso- 
ciated changes in chromosome number, 
but he knew that the sperm stimulates the 
egg to develop into the new sporophyte, 
and he is responsible for the concept of 
alternation of sporophytic and gameto- 
phytic generations. 

For more than three-quarters of a 
century after Hofmeister’s work, it was 
customary to refer all vascular cryptogams 
to a single division, the Pteridophyta. The 
name comes from Pteris, a genus of ferns, 
plus the Greek ending, -phyta, meaning 
plants. Pteris is also the classical Greek 
word for a fern. The ferns (Fig. 21.1) 
make up by far the largest group of pteri- 
dophytes (vascular cryptogams), and the 
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ron modified appendages of the leaves. 


other pteridophytes have often been 
called fern allies. The “fern allies” are 
treated in this text as the divisions Rhyni- 
ophyta, Psilotophyta, Lycopodiophyta, and 
Equisetophyta. 

In 1902 the American botanist Ed- 
ward Charles Jeffrey (1866-1952) pointed 
out that on anatomical grounds the vascu- 
lar plants fall into two fundamental groups. 
One of these groups, including the ferns 
and the modern seed plants, tends to have 
pe ata large leaves with a 







xcept among a few of the 
more primitive ferns, the departure of the 
leaf trace leaves a gap in the primary vas- 
cular tissue of the central cylinder. This 
gap, called a léafaph( Fig. 21.2), is filled 
with parenchyma, connecting the paren- 
chyma of the pith with the parenchyma of 
the cortex. A segment of the vascular cylin- 
der separates from the remainder of the 
stele and actually becomes the v 






Jeffrey suggested the name Pteropsida for 
the group of vascular plants characterized 
by megaphylls and leaf gaps, but he did 
not indicate the precise taxonomic rank 
to be assigned to the group. 

The second of the two fundamental 
groups pointed out by Jeffrey has rela- 
tively small, narrow leaves with a single, 
unbranched midvein, and the leaf is not 
differentiated into a blade and petiole. The 
departure of the leaf trace does not disturb 
the continuity of the stele; an extra strand 
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Christmas fern, Polystichum munitum, in the Hoh Valley, Olympic Mountains 


of Washington. Armen Takhtajan, Soviet Armenian botanist, at right. 
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Fig 21.2 Structure of lycopsid 
(left) and pteropsid (right cen- 
ter) shoots. (Adapted from Jef- 
frey.) Far right, part of the vas- 
cular system of Osmunda, a 
typical fern. (Adapted from 


Lachmann.) 
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of vascular tissue is merely attached to 
the stele, and there are, therefore, no leaf 
gaps. Leaves of this type are called micro- 
phylis. Jeffrey suggested the name Lycop- 
sida for the group of vascular plants char- 
acterized by microphylls. 








ed plants as firs, pines, and junipers, 
for example, have definite leaf gaps in the 
stele, and for this and other reasons the 
leaves are considered to be megaphylls. It 
is believed that megaphyllous plants with 
small leaves had ancestors with larger 
leaves. 

Botanists now agree that Jeffrey's 
group Lycopsida is heterogeneous and must 
be broken up into three or four groups: 
The Lycopsida proper, or Lycopodiophyta; 
the Sphenopsida, or Equisetophyta; and 
the Psilopsida, which have often been in- 
terpreted to include both the rhyniophytes 
and the psilotophytes. The taxonomic rank 
these several groups should receive is not 
agreed upon. Some botanists recognize 
several divisions, as is done in this text; 
others treat them as several elasses of a 
single comprehensive division of vascular 
plants, the Tracheophyta. 

Some botanists still consider the Pter- 
opsida to form a proper division of plants, 
but accumulating evidence tends to empha- 
size the evolutionary diversity of purported 
leaf gaps, and a comprehensive reconsidera- 
tion of stelar theory is in the offing. Fur- 














tems, are not unique to the Pteropsida; 
we have seen that the leaves of equisetoids 
probably also originated as branching stem 
systems. With both of its supposedly dis- 
tinctive features (megaphylls and leaf 
gaps) under attack, the group Pteropsida is 
becoming more difficult to maintain and is 
in process of being abandoned by taxono- 
mists. In this text the plants which have 
been referred to the Pteropsida are treated 
as three divisions, the Polypodiophyta 













(ferns), Pinophyta (gymnosperms), and 
Magnoliophyta (angiosperms ). 

The Polypodiophyta, or ferns, were 
first recognized as a distinct division by 
Bessey in 1907. Bessey used the name 
Pteridophyta for this group, but that name 
has been so generally used in a broader 
sense (to include all vascular cryptograms ) 
that the name Polypodiophyta is preferable 
when the ferns are treated as a division. 
(The names Filicophyta and Pterophyta 
are somctimes also used in the same sense 
as Polypodiophyta.) The term pterido- 
phytes is still useful to refer to the vascular 
cryptogams (including also the fossil seed 
plants among the Lycopodiophyta), just as 
the term algae is still useful for thallo- 
phytes with chlorophyll a, but neither the 
algae nor the pteridophytes are now gen- 
erally regarded as proper taxonomic groups. 

It is now widely belicved that the 
ancestral prototype of the vascular plants 
was a form in which the sporophyte con- 
sisted of a dichotomously branched, leafless 
stem, as in some of the rhyniophytes. Some 
of the fossils which tend to support this 
conclusion (for the ferns) are discussed on 
pp. 372-373. Similar transitional types exist 
among equisetoid and pregymnosperm 
fossils, and the purported microphylls of 
the Equisetophyta are now considered also 
to be branched stem systems, not essen- 
tially different in origin from the mega- 
phylls of ferns and gymnosperms. In all the 
modern equisetoids, as we have noted, the 
leaf has become reduced to the equivalent 
of a single short branch. 


Se Botanists are not agreed as to the evo- 
utionary origin of the microphylls of the 


Lycopodiophyta. One widespread idea is 
that they are mere emergences (enations) 
from the surface of the stem, comparable 
to epidermal hairs or scales, and that the 
development of a midvein is merely an 
evolutionary response to the enlargement 
of this emergence to a photosynthetically 
significant size. Another idea is that in 
these plants, also, the microphyll is a modi- 


fied short branch stem and that the mid- 
vein is homologous with the central cylin- 
der of the stem. 

A comprehensive theory of the origin 
of all leaves by modification of branch 
stems or branch-stem systems has been de- 
veloped by the German botanist Walter 
Zimmermann (1892~ ). Zimmermann 
calls the ultimate branches of a dichoto- 
mously branching stem telomes, and his 
theory is called the telome theory. The 
telome theory provides a logical explana- 
tion of the evolutionary relationships 
among the pteridophytes, and it has there- 
fore attracted considerable support. On 
the other hand, the propriety of its applica- 
tion to the lycopods is still very dubious. 
Continued search has disclosed no fossils 
that show the sort of transition between 
thyniophytes and lycopods which is called 
for by the telome theory, and the enation 
theory of the origin of lycopod leaves is 
now resurgent. 





Fig. 21.3 Left, Wilhelm Hofmeister (1824-1877), German botanist, who discovered 
alternation of generations. Right, Walter Zimmermann (1892- 


author of the telome theory. 
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Taxonomic progress, like other sorts 
of scientific progress, often follows a 
crooked and partly reversible path. The 
groups of vascular plants here treated as 
divisions have been recognized as distinc- 
tive groups for many years, but ideas of 
probable relationships among them have 
undergone considerable modification. We 
know much more about the probable phy- 
logeny of the vascular plants than was 
known 70, or 50, or even 20 years ago, but 
the best way to present that knowledge in 


a formal taxonomic system is still debat- 
able. 


OCCURRENCE 


ems occur in a wide variety of habi- 
tats and cli ut most of them are 
found in 
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Fig. 21.4 Origin of leaves, 
sporophylls, and sporangio- 
phores, according to the 
telome theory. Starting with 
a dichotomously branching 
stem with terminal sporan- 
gia, we derive: top row, the 
lycopod leaf; second row, 
the lycopod — sporophyll; 
third row, the equisetoid 
sporangiophore; and bottom 
row, the fern leaf with 
marginal sporangia. 











CHARACTERISTICS 


GENERAL 





A few ferns, such as the floating, aquatic 
Salvinia, lack roots, but their rootless con- 
g a small thallus seldom o dition is believed to be secondary rather 
: g. Both generations are physiologi- than primitive; i.e., rootless ferns probably 
cally independent at mnaturity. WD had ancestors with roots. 





es £ 






HABIT AND STEM 


Some ferns reach a height of more 
than 60 feet, with a trunk nearly 2 feet 
thick, although much of the thickness is 
contributed by a covering of matted ad- 
ventitious aerial roots. More often the stem 
is represented only by a simple or branched 
thizome (underground stem) from which 
the leaves arise. Apical growth of the stem 
is brought about by an apical initial cell, 
or by a group of apical initials forming an 
apical meristem. 

Branches of a fern stem characteris- 
tically originate by bifurcation of the apical 
meristem or apical cell, each of the two 
parts continuing to develop as the apical 


meristem or apical cell of a branch. The 
two branches may be essentially equal (di- 
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Fig. 21.5 Tree ferns in the Colombian Andes. (Photo courtesy of José Cuatrecasas.) 
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chotomous branching), or more often one 
branch may continue as the main stem to 
which the other is attached as a lateral 
branch (lateral branching). When the 
branching is lateral, the apical cell or meri- 
stem of the lateral branch commonly re- 
mains dormant for some time before re- 
suming its meristematic activity, so that 
the branch actually originates well behind 
the tip of the main stem. Were it not for 
the transitional types, the developmental 
relationship of the lateral bud to the ter- 
minal one would be obscure. 


In any given kind of fern, the branches 
of the stem generally arise in a particular 
position with respect to the leaves. When 
the stem branches dichotomously, a leaf 
is borne just beneath the dichotomy, 
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evenly spaced between the two branches. 
When the stem branches laterally, the lat- 
eral branch generally arises alongside the 
leaf, or less often in the leaf axil, or even 
just beneath the leaf, according to the 
species. 

Several different kinds of stele occur 
in ferns. It has already been pointed out 
that the most primitive type of stele 1s 
the protostele, in which a solid central core 
of xylem is partly or wholly surrounded by 
phloem. Protosteles are typically (and 
primitively) exarch. An exarch stele is one 
in which the protoxylem (first-formed pri- 
mary xylem) is at the outside—commonly 
at the tips of the arms, as seen in cross 
section—and maturation of the metaxylem 
(later-formed xylem) progresses toward the 
center, so that the central cells of the 
stele, at any given level, are the last to 
mature. A protostele may also be mesarch, 
with the metaxylem developing both in- 
ternally and externally to the protoxylem. 





A stele in which the vascular tissue 
surrounds a central pith is called a siphono- 
stele. The siphonostele is an evolutionary 
modification of the protostele, in which 
the central cells fail to mature into xylem, 
remaining as a parenchymatous pith in- 
stead. Siphonostcles may be exarch or 
mesarch, as in protosteles, but more often 
they are endarch. In an endarch siphono- 
stele, the metaxylcm is formed only ex- 
ternal to the protoxylem, which hes next 
to the pith. The endarch condition is an 
evolutionary modification from the mes- 
arch condition. 

Siphonosteles of stems of plants be- 
longing to the pteropsid group are inter- 
rupted by leaf gaps and branch gaps. A 
siphonostele in which the gaps are rela- 
tively short and well spaced, so that a 
cross section of the stem shows not more 


than one or two gaps, is called a soleno- 
stele. A siphonostele with more numerous 
and elongate gaps, so that the primary 
vascular tissue forms a ring of vascular 
bundles, is called a dictyostele. 7 






and is also the charac- 
teristic type in the stems of cycads, coni- 
fers, and flowering plants. Transitional 
types between the solenostele and the dic- 
tyostele are not rare among the ferns, 
and the basal part of an otherwise dictyo- 
stelic stem is often solenostelic. In some 
ferns the dictyostele has become more or 
less strongly modified and can be inter- 
preted only with difficulty. 

The phloem in a fern stem typically 
lies just external to the xylem, either im- 
mediately adjacent to it or separated by a 
layer of parenchyma. In some fern stems 
there is a layer of phloem just internal to 
the xylem as well as just external to it, and 
the xylem of a vascular bundle may be 





The xylem of fern stems and roots 
usually consists largely of tracheids, often 
with some intermingled parenchyma cells. 
The tracheids are usually scalariform (i.e., 
the secondary wall forms an open network 
with ladder-like configurations), but some- 
times they are pitted instead (1.e., the sec- 
ondary wall is a continuous layer with scat- 
tered small openings). In a few genera, 
notably Pteridium (see p. 376), there are 
definite vessels. 

The phloem of ferns consists largely 
or wholly of sieve cells with slanting end 
walls and scattered sieve areas. The stele of 
a fern stem may or may not be enclosed 
by an endodermis. When the endodermis 
is absent, the thin, parencyhmatous layer 
of pericycle just external to the phloem 
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may be difficult to distinguish from the 







chyma as well: Except among some of the 
Ophioglossales, there is usually no sec- 
ondary thickening in either the stems or 
the roots of ferns. 


or apical cell is covered by a rootcap. 


365 


nal tissues (generally the pericycle) of the 
stem. The root usually has root hairs near 
the tip, but in some ferns it is mycorhizal 
and lacks root hairs. The apical meristem 


The roots of ferns, as of other vascu- 
lar plants, are generally protostelic. The 
primary xylem usually forms a solid core, 


which in cross section shows a number of 
Roor radiating arms or points. The protoxylem 


xylem. 
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Fig. 21.6 Root tip of a fern, in long section (/eft) and cross section (right), showing the 
apical cell, rootcap, and young primary tissues of the root. (From W. H. Brown, The 
plant kingdom, copyright 1935 and 1963; courtesy of Ginn & Company, Boston.) 












is at the tips of the arms, and maturation 
progresses inward. In a few ferns the cen- 
tral cells of the stele remain parenchyma- 
tous instead of differentiating into meta- 


As in the roots of most other vascular 
plants, the primary phloem of a fern root 
commonly forms a number of separate 
strands alternating with the radiating arms 
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of primary xylem. Protosteles are said to 
be monarch, diarch, triarch, tetrarch, pent- 
arch, or polyarch, according to the num- 
ber of separate points or strands of proto- 
xylem. Many fern roots, especially in the 
large family Polypodiaceae, are diarch, 
with only two protoxylem points, so that 
the xylem forms a flattened central strand 
bordered on each side by a strand of 
phlocm. The central cylinder of a fern 
root is delimited by an endodermis, which 
is separated from the vascular tissues by a 
thin layer of pericycle. 


LEAF 


y the growing young 


and the leaf is 


said to be circi 


(Fig. 21.7). Fern leaves are often called 
fronds, but this term is also applied to very 
large leaves of gymnospcrms and flowering 


Fig. 21.7 Fiddlehead of Cibotium, a fern. (New 
York Botanical Garden photo.) 











plants. In a few genera, such as Lygodium, 
the leaf apex is persistently meristematic, 
and the climbing, freely branching leaf, re- 
sembling a stem with leaves, may become 
as much as 100 feet long. 

The leaves of most ferns are compound 
(i.e the blade is made up of several or 
many distinct parts of leaflets), but there 
are also many simple-leaved ferns, in which 
the blade is all in one piece. In most com- 
pound fern leaves, the petiole continues as 
the main axis or rachis of the leaf blade, 
and the primary segments or leaflets arise 
as lateral branches from the rachis. Leaves 
of this type are said to be pinnately com- 
pound (from Latin pinna, a feather). Pin- 
nately compound leaves in which the pri- 
mary segments are again once or more 
times compound are said to be pinnately 
decompound, or the degree of dissection 
may be expressed by such terms as bipin- 
nately or tripinnately compo | 








| e (sing., pinna) 
or primary pinnae, and the ultimate seg- 
ments, when the pinnae are themselves 
compound, are called pinnules. In some 
compound fern leaves, the leaflets or pri- 
mary segments are all attached to the end 
of the petiole at a common point, and the 
blade has no central rachis. Leaves of this 
type are said to be palmately or digitately 
compound. 

The leaves of most ferns are anatomi- 
cally more complex 






which the smaller branches are often dis- 
tinctly dichotomous. The smaller veins 
sometimes form a network, so that the 
venation is reticulate, but often there are 
no such connections and the venation is 
open, or free. The leaf trace sometimes de- 
parts from the central cylinder of the stem 
as a miniature siphonostele enclosing a 
pith, but more often it is a trough-shaped 
vascular strand; or there are two traces, 
one on each side of the gap. Sometimes 
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Fig. 21.8 Part of the bipinnately compound leaf of Dryopteris filix-mas, the male fern. 


The white dots are indusia, covering the sori. (New York Botanical Garden photo.) 


the vascular architecture of the trace is 
more complex and difficult to interpret. 
In the petiole the leaf trace sometimes 
breaks up into several vascular bundles of 
various structure. The smaller branch veins 
of the leaves are generally rod-shaped, with 
the xylem on the upper side and the 
phloem on the lower. 

The epidermis of fern leaves is gen- 
erally cutinized and, except for the guard 
cells of the stomates, usually lacks chloro- 
plasts. A number of species, especially of 
the Polypodiaceae (e.g. Adiantum, the 
maidenhair fern), have a chlorophyllous 
upper epidermis, however, with the chloro- 
plasts of each cell concentrated in arm-like 
projections which extend down into the 
internal tissues of the leaf. The stomates 
are often confined to the lower epidermis. 

The internal tissue of the leaf is com- 
posed chiefly of chlorenchyma, with inter- 
spersed veins. The internal chlorenchyma 
of a leaf (in ferns and other plants) is of- 
ten called mesophyll. The mesophyll of 


fern leaves is sometimes differentiated into 
an upper and a lower part. The upper part, 
called the palisade tissue, palisade paren- 
chyma, or palisade mesophyll, consists of 
elongate, parallel cells in which the long 
axis, as viewed in cross seetion of the leaf, 
is vertical (perpendicular to the epidermis}. 
Thc intercellular spaces in the palisade 
tissue are usually rather small. ‘The lower 
part of thc mesophyll, called the spongy 
tissue, spongy parenchyma, or spongy meso- 
phyll, is composed of irregularly shaped 
cells with large intercellular spaces. Fern 
leaves with reticulate venation and with 
well-developed palisade and spongy layers 
of mesophyll are anatomically very similar 
to the leaves of flowering plants, which are 
discusscd in Chapter 26. 


SPORANGIA 


The sporangia of ferns are generally 
borne on the leaves, or on appendages as- 
sociated with the leaves. ‘The sporophylls 
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| $ not mS rk na Lsantatie is more 


or less modified and not photosynthetic. 





ing., A typical sorus 1s 
about the size of a pinhead, but it may be 
larger or a little smaller, and adjacent sori 
may be more or less confluent. In most 
modern ferns, the sori are borne on the 
lower (abaxial) surface of the sporophyll, 
often at the tips of some of the ultimate 
veinlets. Less often the sporangia are truly 
marginal, or (in the Ophioglossales) borne 
ona ‘fertile spike” which projects from the 
upper side of the leaf. The brown dots 
which can frequently be seen on the lower 
side of fern leaves are sori. 

A young sorus is usually covered by a 
thin protective membrane called the in- 
dusium. The shape and structure of the 
indusium vary in different kinds of ferns, 
and the differences furnish a number of 
useful taxonomic characters. When the 
sori are borne near the margin of the leaf, 
the margin is often inrolled and modified 
to form a single common indusium for a 
whole row of sori, or individual bits of the 
margin may be modified to form separate 
indusia. It has been suggested that the in- 
dusia of sori borne well away from the 
margin of the sporophyll may have origi- 








Fig. 21.9 Cross section of part of 
a fern leaf, showing a sorus with 
its indusium. (From Transeau, 
Sampson, and Tiffany, A textbook 
of botany, Harper & Row, 1953.) 


nated by enlargement and concreseence of 
epidermal hairs surrounding the sorus, but 
this view is not universally accepted. 

On the basis of the structure and 
ontogeny (developmental history of the 
individual) of the sporangia, ferns are di- 
vided into eusporangiate and leptosporan- 
giate groups. The distinction between the 
two types was first pointed out in 1880 by 
the German botanist Karl Eberhardt von 
Goebel (1855-1932). The differences have 
proven not to be absolute, but still they are 
sufficiently constant to make the categories 
useful. 












1e jacket layer is more than one 
cell thick at maturity, and there is no 
highly specialized mechanism of dehis- 
cence. [here is a large and indefinite num- 
ber of spores in each sporangium. 






laver is only one cell thick at maturity, and 
dchiscence is usually duc to hygroscopic 
changes in a group of thick-walled cells 
which commonly form a partial or com- 
plete ring, the annulus. Tensions which de- 


velop within the annulus cause the spor- 
angium to break open at a definite point 
or line marked by thin-walled cells. Some 
leptosporangiate ferns. have numerous 
spores in each sporangium, but more often 





there is a relatively small and definite num- 
ber of spores, ranging from 16 to 64 in 
different species. 

In both types of sporangium there 1s 
usually a well-developed tapetum which 
degenerates more or less concurrently with 
the reduction division of the spore mother 
cells, providing an additional food supply 
for the developing spores. The spores have 
n chromosomes and represent the first step 

hyte generation 
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Fig. 21.10 Two types of 
leptosporangia. Left, with an- 
nulus complete; center and 
right, with annulus inter- 
rupted by the stalk, and with 
prominent lip cells. 





GAMETOPHYTE 





ig. 21.11). The prothallus vanes in form 
and structure in different kinds of ferns, 
but it is always small and inconspicuous. 
In the eusporangiate ferns it is several or 
many cells thick and often comparatively 


ate 


~ 





Fig. 21.11 Fern gametophytes. (X5.) (Courtsey CCM: General Biological, Inc., Chicago.) 
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massive, sometimes l inch or cven 2 inches 
long. In the leptosporangiate ferns the 
most common type is a thin, flat, more or 
less heart shaped, e o A as 
large as the little fingernail. A prothallus of 
this type is only one cell thick, except for 
a slightly thicker median strip extending 
back from the notch. Rhizoids, antheridia, 
and archegonia are borne on the under 
side of this median strip, the archegonia 
usually being closer to the notch than are 
the antheridia. Growth of fern gameto- 
phytes is brought about largely by an api- 
cal cell, or a row of apical cells. In the 
heart-shaped type, the apical cell or cells 
lie in the notch. 

The archegonium (Fig. 21.13) is more 
or less flask-shaped, with a usually pro- 
truding neck which, in the heart-shaped 
types, is often curved toward the rear of 
the prothallus. The neck may be relatively 
long or short, with two to ten tiers of cells, 
but there are usually only two neck canal 
nuclei. The neck canal nuclei may or may 
not be separated by a cross wall in the 
neck. As in other pteridophytes, the neck 
of the archegonium, the egg, and the canal 
cells originate from a single archegonial 
initial, but the wall of the venter is com- 
posed of ordinary gametophytic cells not 
derived from the archegonial initial. 

The antheridia (Fig. 21.12) are more 
or less globose. In the eusporangiate ferns 
the antheridia are sunken in the body of 
the gametophyte, only the upper or outer 


Fig. 21.12 Antheridium 
(left) and archegonium (right) 
of a fern, in long section; 
e., egg; n.c, neck canal 
nucleus; s., sperm; v.c., ven- 
tral canal nucleus. (X500.) 





Fig. 21.13 Fern archegonium, in long section. 
(From Harold Bold, Morphology of plants, 2nd 
ed., Harper & Row, 1967.) 


surface being exposed. When the sperms 
are mature, an opercular cell in the anthe- 
ridium degenerates, leaving an opening 
through which the numerous (commonly 
several hundred) sperms escape. In the 
leptosporangiate ferns the antheridium pro- 
jects from the surface of the gametophyte. 
A cover cell, corresponding to the oper- 
cular cell of the eusporangiate ferns, is 
pushed away from within by expansion of 
the antheridial contents when the sperms 
are mature. Leptosporangiate ferns usually 
have only about 32 sperms in each anthe- 
ridium, but the number is sometimes as 


high as 100 or more. Sperms of both eu- 
sporangiate and leptosporangiate ferns are 
naked, coiled, and provided with more or 
less numerous whiplash flagella at one end. 
As in other pteridophytes, the sperms are 
attracted to the egg in the archegonium by 
chemical stimuli and require a film of 
water in which to swim. 


EMBRYO 


The fusion of an egg and a sperm in 
the venter of the archegonium constitutes 
fertilization. The fertilized egg has 2n chro- 





no suspensor. The foot absorbs food from 
the body of the gametophyte and passes it 
on to the remainder of the developing em- 
bryo. After the new sporophyte has become 
established as an independent plant, the 
gametophyte sooner or later dies and de- 
generates. In most leptosporangiate ferns 
growth and differentiation of the embryo 
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proceed rapidly, and by the time the em- 
bryo has reached the eight-celled stage, 
two of the cells are destined to produce 
the foot, two the root, two the stem, and 
two thc cotyledon. In the eusporangiate 
ferns growth and differentiation of the em- 
bryo proceed more slowly, and the embryo 
commonly becomes a massive, multicellu- 
E structure before the primordia of the 

ferent organs can be distinguished. 


CLASSIFICATION 


There are nearly 10,000 modern spe- 
cies of ferns, of which the vast majority 
belong to the order Filicales (also called 
Polypodiales). The modern ferns may be 
elassified into five orders, some of which 
also have fossil representatives. Among the 
numerous fossil ferns and fern-like plants, 


Sy, Fig. 21.14 | Gametophytes 
eo and young sporophytes of a 
fern; A, lower side of game- 
tophyte; B, side view of 
gametophyte with a very 


BS a tophyte with slightly older 


sporophyte; an, antheri- 
dium; ar., archegonium; p.l., 
primary leaf; p.r, primary 
root; r., rhizoid. (X6.) 
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sporangium 





sporophyte 


four groups stand out as possibly warrant- 
ing recognition as distinct orders. Others, 
mostly incompletely known fossils of gen- 
eral fern affnities, may not be properly re- 
ferable to any of these orders. Of the nine 
orders of living and fossil ferns here recog- 
nized, all but two (the Marattiales and 
Noeggerathiales) are treated in the follow- 
ing pagcs. It should be noted that the fossil 
orders, in particular, are here broadly de- 
fined. Narrower definitions of some of 
these orders would lead to different state- 
ments of evolutionary relationships. 


$ 


PROTOPTERIDALES 


The Protopteridales are a group of 
Devonian and Carboniferous fossils which 
seem to connect the ferns to the rhynio- 
phytes. Protopteridium (Fig. 21.16), one 


gametophyte — 












7O 


Fig. 21.15 Life cycle of a fern; 
an., antheridium; ar., archego- 
nium; e., egg; g.s., germinating 
spore; s., sperm, z. zygote. 


of the principal genera, is known from 
Devonian rocks in Europe, Asia, and 
North America. The main stem is more or 


=? Ss ee Sp. 


Fig. 21.16 Protopteridium: sp., sporangium, 
(X1-2/3.) (After Halle.) 


less laterally branched, but the smaller 
branches are more distinctly dichotomous, 
and these dichotomous branchlets are com- 
monly flattened. Some of the branchlets 
toward the tip of a lateral branch system 
often bear terminal sporangia. Such a lat- 
eral branch system is probably homolo- 
gous with a sporangium-bearing leaf of a 
modern fern. Some specimens of Proto- 
pteridium have been shown to have a 3- to 
4-lobed protostele, and some fossils prob- 
ably allied to Protopteridium also have pro- 
tostelic stems. It is not known whether any 
of the Protopteridales have true roots. 


COENOPTERIDALES 


The Coenopteridales are a large and 
varied group of fossil ferns known from 
Middle Devonian to Permian rocks. The 
leaves are pinnately dissected and, at least 
sometimes, circinate. In some members of 
the group, the primary and all succeeding 
segments of the leaf tend to lie in the 
same plane, as in modern ferns, and the 
vascular anatomy of the rachis is also sug- 
gestive of modern ferns. In others the vas- 
cular anatomy of the leaf rachis is more 
stem-like, and the segments of the leaf do 
not all lie in the same plane. Etapteris is a 
form genus of certain leaves of this latter 
group. The primary pinnae of Etapterts 
are borne alternately on opposite sides of 
the leaf rachis. Each primary pinna is im- 
mediately forked (dichotomously) into 
two secondary pinnae which lie at an 
angle to the plane of the primary pinnae. 
The secondary pinnae are divided into ter- 
tiary pinnae, and these often into quater- 
nary pinnae, with pinnae of successive or- 
ders tending to lie in different planes. 

The stems of the Coenopteridales are 
usually protostelic, sometimes with dcfinite 
secondary thickening, and some members 
of the group evidently reached tree size. 
Adventitious roots are borne on the stem 
of at least some species. The sporangia con- 
tain numerous spores and are borne ter- 
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minally on some of thc ultimate segments 
of the leaf, either singly or in small sori. 
Species with the leaf segments all in one 
plane and the sporangia borne in sori are 
much like modern eusporangiate ferns, ex- 
cept for the truly marginal rather than 
abaxial position of the sori, and even this 
distinction is not always clear. On the 
other hand, coenopterid ferns with the 
leaf segments in different planes are not 
mueh different from the Protopteridales 
and from the rhyniophytes. 


OPHIOGLOSSALES 


The Ophioglossales are a small order 
of modcrn ferns which retain a number of 
apparently primitive characters. ‘There are 
only three genera, Helminthostachys, 
(Fig. 21.17). 
elminthostachys, with only a single spe- 
cies, is confined to the Indo-Malayan re- 
gion. Botrychium and Ophioglossum, with 
about 25 species “each, are cosmopolitan. 
Botrychium is often called the grape fern, 
from a casual resemblance of the fertile 
spike to a cluster of tiny grapes, and Ophi- 
oglossum is called adder’s-tongue, from a 
fancied resemblance of the narrow, forked 
leaf blade of some species to a snake’s 
tongue. No fossil members of the Ophi- 
oglosse e known. = — 










ficially the fertile spike often seems to be 
a direct continuation of the petiole, 
whereas the leaf blade appears as a lateral 
appendage to this petiole—fertile-spike 
axis. In Ophioglossum the fertile spike 1s 
unbranched, with a row of sporangia on 
each side; in Botrychium it is pinnately 
compound or decompound, with a sporan- 
gium at the end of cach ultimate branch. 
The sporangia are eusporangiate, and a vas- 
cular bundle extends into the base of each. 


374 INTRODUCTORY BOTANY 








ATTEN 
NAIA 
p 


val avs 
tage 


d ean 






J AN j N 


$i 
+ 


The number of spores in a sporangium 
ranges from about 1500 to about 15,000. 

The morphological nature of the fer- 
tile spike in the Ophioglossales has been 
a subject of controversy. The prevailing 
opinion, founded partly on the vascular 
anatomy, holds that it generally repre- 
sents the first pair of pinnae of the leaf, 
these two pinnae having become fused 
into one and assumed an erect position. 
In one species of Botrychium, the fertile 
spike is inserted in the middle of the blade, 
in a position where an ordinary pair of 
pinnae would be expected. 





Fig. 21.17 Botrychium (left, 
and top right); Ophioglos- 
sum (lower right). (From 
Brackenridge.) 


The leaves of the Ophioglossales differ 
from those of most other ferns in not be- 
ing circinate, although the young leaf is 
often abruptly bent over near the middle. 
The leaf blades of Botrychium are other- 
wise more or less fern-like, being typically 
compound or decompound, with dichot- 
omously branched, free veinlets. The 
leaves of Ophioglossum are usually simple 
or merely forked, and have reticulate vena- 
tion. Most species of the Ophioglossales 
typically produce only one leaf each year. 

The stems of the Ophioglossales are 
short, subterranean, and usually erect. 





y sit ith 
mesarch or endarch xylem, and in Botry- 
chium there is some secondary thickening. 
The plant body is soft and somewhat 
fleshy throughout, without the  scleren- 
chyma commonly found in other ferns. 
The roots are strongly mycorhizal and usu- 
ally lack root hairs. 

Gametophytes of the Ophioglossales 
are mycorhizal and partly or wholly sub- 
terranean. They range from pinhead size 
to 1 inch or even 2 inches long and differ 
in shape from species to species. Some are 
simple and flattened; others are more or 
less cylindric, simple or branched; others 
are short and stellately branched. The an- 
theridia and archegonia are borne on the 
same gametophyte. The antheridia are 
sunken in the body of the gametophyte 
and contain numerous sperms. 

The embryo may or may not have a 
suspensor, according to the specics. Growth 
of both gametophytes and sporophytes is 
slow. Development of the embryo into an 
independent sporophyte commonly takes 
a year or more, and the gametophyte often 
persists for some time after the sporophyte 
has become well established. Two or more 
sporophytes are sometimes produced from 
the same gametophyte. 

The Ophioglossales clearly belong to 
the Polypodiophyta, but they are well set 
off from all other members of the division. 
In some of the respects in which they differ 
from other ferns, they are suggestive of the 
thyniophytes. 


ARCHAEOPTERIDALES 


The Archaeopteridales are fossil ferns 
(in a broad sense) with well developed 
secondary growth and with compound 
leaves. They are most abundant in deposits 
of Late Devonian age, but they also occur 
occasionally in Middle Devonian and early 
Lower Carboniferous deposits. ‘The leaves 
were not yet fully differentiated from the 


(also called Polypodiales), and the vast 
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ancestral (rhyniophyte) branching stem sys- 
tem, and botanists are not yet agreed as to 
how large a part of the branch system 
should be considered to be one leaf. Some 
of the ultimate segments of the leaves de- 
veloped into sporangia. The plants were 
heterosporous, with spores of very unequal 
size, but the megasporangia and micro- 
sporangia were rather similar in appearance 
and often borne on the same leaf. 

One of the best known genera is 
Archaeopteris, which was very common in 
late Devonian time. Archaeopteris was a 
tree as much as 40 or 50 m tall, apparently 
with a single trunk like that of many 
modern conifers. The wood of Archaeop- 
teris is very much like that of gymno- 
sperms, especially the Cordaitales. Indeed 
the petrified stems were considered to be 
primitive gymnosperms, under the name 
Callixylon, before they were discovered 
attached to Archaeopteris foliage. 

In recent years the Archaeopteridales: 
(as here broadly defined to include the 
Ancurophytales and Protopityales) have 
attracted some attention as possible an- 
cestors of the gymnosperms, and indeed 
some botanists refer to the group as the 
progymnosperms. 


FILICALES 






majority of the species of the division be- 
long to this order. The Filicales are often 
called the true ferns. 

The Filicales may be divided into three 
groups on the basis of the detailed struc- 
ture and ontogeny of the sporangia. Sev- 
eral small families have simple sori in 
which all sporangia develop simultaneous- 
ly. Several other families have gradate sori 
in which maturation of the sporangia usu- 
ally proceeds in regular succession from the 
center of the sorus to the margin. A single 
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very large family, the Polypodiaceae, has 
mixed sori in which the sporangia mature 
at different times but in no simple pattern 
of sequence. The Polypodiaceae are a very 
heterogeneous group, and most pteridolo- 
gists believe that they represent a number 
of end lines which have independently de- 
veloped the technical characters that mark 
the family. None of the several attempts 
to divide the Polypodiaceae into smaller 
and more natural families has yet proved 
satisfactory; therefore, the family is cus- 
tomarily retained in the broad sense as a 
group of convenience. The Polypodiaceae 
are common in both tropical and temper- 
ate regions, and most familiar ferns of tem- 
perate regions belong to this family. 

The common bracken fern, Pteridium 
aquilinum, is a cosmopolitan species of the 
Polypodiaceae that is often studied in 
general botany classes. Like the majority 
of members of the family, Pteridium lacks 
an aerial stem, and the leaves arise ftom 
a rhizome. The stele of a Pteridium rhi- 
zome 1s more complex than that of most 
ferns, being a highly modified dictyostele 
with two concentric dissected cylinders of 
vascular tissue. Both the inner and outer 





cylinders contribute to the vaseular supply 
of each leaf. Each vascular bundle of the 
rhizome, as seen in cross section, contains a 
central mass of xylem, surrounded succes- 
sively by phloem, pericycle, and endoder- 
mis. Some of the xylem cells are ordinary 
tracheids, but many of them are rela- 
tively large and have perforated end walls, 
so that a continuous passageway is pro- 
vided from one cell to the next. A linear 
series of these modified tracheids is called 
a vessel, and the individual modified tra- 
cheid is a vessel segment. Vessels are very 
common in flowering plants (Magnolio- 
phyta), but Selaginella, Pteridium, and a 
few other ferns are the only pteridophytes 
in which they are known.! In addition to 
the tracheids and vessels, the xylem of a 
vascular bundle of Pteridium usually con- 
tains some parenchyma cells. 

The leaves of Pteridium are pinnately 
decompound, with the lowest pair of pin- 
nae often much larger than the others. 
Anatomically they are much like the leaves 


1 Perforations also develop occasionally in the 
end walls between adjacent trachcids in species of 
Equisetum, and these rows of connected tracheids 
may also be interpreted as vessels. 
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of flowcring plants, having well-developed 
layers of palisade and spongy mesophyll. 
The sori are borne in a row along the mar- 
gin of each pinnule. The margin is turned 
under, and a small flap of tissue grows out 
above and below the row of sori, forming 
a continuous marginal indusium. The flap 
which corresponds to the lower epidermis 
of the leaf is hidden from view, so that the 
flap corresponding to the upper epidermis 
appears to be the complete indusium. 

The sporangia of Pteridium, like those 
of most other leptosporangiate ferns, are 
nearly discoid, with slightly bulging sides, 
and each sporangium is borne on a slender 
stalk. The margin of the sporangium is 
formed by a single ring of cells, the an- 
nulus. As in other members of the Poly- 
podiaceae, the annulus is interrupted at 
the stalk. In other families of the Filicales, 
the annulus is more obliquely set (with 
relation to the stalk) and usually forms a 
continuous ring. 

Except for several (commonly about 
eight) cclls nearest the stalk on one side, 
the cells of the annulus of Pteridium and 
other polypodiaceous ferns have conspicu- 
ously thickened walls. When the sporan- 
gium is mature, the cells of the annulus 
die and dry out, and the resulting hygro- 
scopic changes set up a tension, so that the 
annulus is like a curved spring. When the 
tension is great enough, the annulus 
breaks open between the two central eells 
of the row of eight, and the longer part of 
the annulus flips backward, rupturing the 
lateral walls of the sporangium and forci- 
bly discharging the spores. The four cen- 
tral cells of the row are usually more or less 
differentiated from the cells on each end 
of the row and are often called the lip cells. 

The gametophytes of Pteridium and 
most other polypodiaceous ferns are of the 
thin, heart-shaped type described on p. 
370. Under favorable conditions the game- 
tophytes mature in a few weeks, and they 
die as soon as the sporophyte has become 
well established. 

Another family of the Filicales, the 
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Cyatheaceae, is of interest because of the 
large proportion of tree ferns in the group. 
The family is confined to tropical and 
south-temperate regions, usually in humid 
forests. Several other families of the Fili- 
cales, including the Polypodiaceae, also 
have some arborescent genera. Stems of 
tree ferns are unbranched and usually 
erect, with a crown of very large, com- 
pound leaves. The stem has no cambium, 
and often it is covered over much of its 
length by short adventitious roots. Large 
tree ferns are as much as 20 m tall, with 
leaf blades 3-4 m long, borne on petioles of 
equal length. Fossil tree ferns that are 
probably related to the Cyatheaceae are 
known from rocks as far back as the Juras- 
sic period. 


MARSILEALES 





and are rooted to the sub- 
strate. The sporangia are enclosed in 
modified folded leaves or leaf segments 
called sporocarps, and both types of spo- 
rangia (megasporangia and microsporan- 
gia) are borne in the same sporocarp. The 
order contains only a single family, the 
Marsileaceae. Marsilea (Fig. 21.19), the 
water clover, is the most familiar genus, 
with about 40 species distributed through- 
out most of the world. The leaves of Mar- 
silea have a long petiole, and a flat, floating 
blade composed of four leaflets, all at- 
tached at nearly the same point (actually 
two closely set pairs), suggesting a four- 
leaf clover. 

The spores of Marsilea remain viable 
for many years, and the sporocarps open 
only after decay. In addition to the spo- 
rangia, a sporocarp contains a considerable 
amount of gelatinous material. If a sporo- 
carp is placed in water after a segment of 
the wall has been cut away, the gelatinous 
material expands and forces the sporocarp 
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open. The spores germinate and the game- 
tophytes mature while still embedded in 
this gelatinous mass. 

The male gametophyte of Marsilea, 
which matures in less than 24 hours, con- 
sists of a prothallial cell and an antherid- 
ium with 16 sperms. The prothallial cell, 
which is an evolutionary vestige of the 
body of the gametophyte, remains within 
the old wall of the microspore, but the an- 
theridium protrudes. The female gameto- 
phyte consists of a very large basal cell 
and a small multicellular bulge containing 
an archegonium. The basal cell fills the 
old megaspore wall, and the remainder of 
the gametophyte protrudes from a small 
opening in the wall. The embryo develops 
rapidly after fertilization. 


SALVINIALES 





enclosed in specialized appendages of the 
leaves, called sporocarps. A sporocarp con- 
tains numerous microsporangia, or a single 
megasporangium, but not both types. Male 
and female gametophytes are both very 
small and mainly enclosed within the 
spore wall. 

The order contains a single family, the 
Salviniaceae, with two small genera, Sal- 








he sporangia are 


Fig. 21.19 Marsilea vestita. 
Left, habit (X3/5); top cen- 
ter, sporocarp (X4); lower 
right, leaf (X1). 






ni 1 Azolla. 

| tending a short distance into the 
water, but Se . In both 
genera the - stem be- 





comes a few inches long and is provided 
with small, simple to bifid or more or less 
dissected leaves. The stems are easily frag- 
mented, and vegetative reproduction is 
accomplished in this way. The leaves of 
Azolla each contain a special chamber in- 
habited by Anabaena azollae, a blue-green 
alga. Experimental evidence suggests that 
the alga fixes atmospheric nitrogen and 
that the relationship is symbiotic. The uni- 
versal occurrence of this single speeies of 
alga in the leaves of Azolla suggests that 
reproduction of this water fern may be 
chiefly vegetative, with long-distance dis- 
persal being due to waterfowl. 

Both Salvinia and Azolla are wide- 
spread in the world. Fossils of both 
genera, plus some related forms, occur in 
Cenozoic and Upper Cretaceous deposits. 

The Salviniales and the Marsileales 
have sometimes been grouped into a single 
order, but it is now believed that they are 
not closely related and that the similarities 
between them are due to parallel evolution. 
The sporocarps of Salvinia and Azolla are 
quite different from those of the Marsile- 
ales, and the detailed ontogeny of the sori 
of the two orders suggests that they are 
related to different groups within the Fili- 
cales. 


ECONOMIC IMPORTANCE 


Modern ferns are of relatively little 
economic importance. Some are grown 
for ornament, and others are used for 
Christmas decorations. The bracken, Pter- 
idium aquilinum, is mildly poisonous to 
livestock but is seldom eaten in sufficient 
quantities to cause serious damage. ‘The 
fiddleheads and young foliage of many 
species are edible. Leaves of Athyrium es- 
culentum, a common Malaysian species, 
and Ceratopteris thalictroides, an aquatic 
species sometimes grown in rice paddies in 
the Orient, are used as raw or cooked green 
vegetables. Even bracken fiddleheads are 
fairly palatable, when properly cooked so 
that the poisonous principle is eliminated, 
although they are seldom consumed except 
by people who wish to demonstrate the 
variety of things that can be eaten. A drug 
derived from the rhizomes of certain spe- 
cies of Dryopteris, especially D. filix-mas, 
the “male fern,” is a standard anthelmin- 
tic used to expel worms, especially tape- 
worms, from the intestinal tract of man 
and other animals, although it is now of- 
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ten replaced by some of the newer syn- 
thetics. 

Ferns contributed to the vegetable de- 
posits of the Carboniferous period which 
were transformed into coal, but they were 
much less important in that regard than 
the lycopods and equisetoids. 


RELATIONSHIPS 


The ferns are evidently derived from 
the rhyniophytes, to which they are con- 
nected by such fossils as Protopteridium. 
The Archaeopteridales were a very early 
heterosporous offshoot from the evolving 
thyniophyte-fern complex, and they have 
little to do with the rest of the division 
Polypodiophyta. It is becoming progres- 
sively more clear that the Archaeopteridales, 
often known as progymnosperms, were 
ancestral to both the conifer and the seed 
fern—cycad lines of gymnosperms. 

By defining the orders broadly, one 
might see a stepwise progression from the 
Protopteridales, with the leaves scarcely 
differentiated, to the Coenopteridales, with 


MARSILEALES 


leptosporangiate 


eusporangiate 


to the 
gymnosperms 
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ARCHAEOPTERIDALES 


Fig. 21.20 Possible relation- 
ships of the orders of ferns. 
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more or less well differentiated leaves that 
have the sporangia terminal on some of 
the ultimate segments, to the Marattiales, 
with the sporangia on the lower surface of 
the well defined leaf. Most of the Maratti- 
ales have further specialized features which 
mark thern as a terminal group, but some 
of the less modified types might have given 
rise to the Polypodiales, which differ from 
all of the previously mentioned orders in 
being leptosporangiate. Within the Poly- 
podiales, the Polypodiaceae, with vertical 
annulus and mixed sori, are the most ad- 
vanced group. The Marsileales and Salvi- 
iales are separate heterosporous derivatives 


from the Polypodiales. The heterosporous 
condition has evidently been achieved sep- 
arately by a number of groups of vascular 
cryptogams. The Ophioglossales are a 
specialized, terminal group of eusporangi- 
ate ferns from a generalized coenopterid 
background. 


SUGGESTED READING 


Sporne, K. R., The morphology of pterido- 
phytes; the structure of ferns and allied 
plants, 2nd ed., Hutchinson, London, 
1966. Textbook style. 
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Vascular plants with roots, stems, and leaves, the central cylinder 
generally with leaf gaps; seeds borne on megasporophylls, or on 
telome-like stalks, or on modified “ovuliferous scales,” the seed-bearing 
organs often aggregated into a simple or compound strobilus; ovules 
more or less exposed to the air at the time of pollination, the pollen 
landing at or near the micropyle; female gametophyte multicellular. Three 
subdivisions, the Cycadicae, Pinicae, and Gneticae. 


Introduction to the Seed Plants 


The divisions Pinophyta and Magnoli- 
ophyta differ from all other plants, except 
some fossil lycopods, in the production of 
seeds. Even the lycopod seeds lack one of 
the essential features of the seeds of mod- 
ern plants, as has been noted in Chapter 
19. 

All seed plants are heterosporous. The 
characters which distinguish seed plants 
from heterosporous cryptogams relate to 
the ontogeny of the male and female 
gametophytes and the embryo sporophytes. 
The megaspore of a seed plant is perma- 
nently enclosed within the megasporan- 
gium, and the female gametophyte which 
develops from the megaspore completes 
its development while still enclosed within 
the megasporangium wall. The developing 
female gamctophyte is nourished by the 
enclosing sporophyte. The egg or eggs pro- 
duced by a female gametophyte may or 
may not be associated with definite arche- 
gonia, but, in any case, they are enclosed 
within the megasporangium. The embryo 
sporophyte which develops from the fertil- 
ized egg characteristically begins its growth 
while still enclosed within the body of the 
female gametophyte. 

The structure and function of thc re- 
productive parts of seed plants were partly 
deciphered before the correlation of these 
parts with the reproductive structures of 
vascular cryptogams was understood. Some 
reproductive parts of seed plants, there- 
fore, have names which do not reflect their 
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homologies. The wall of the megasporan- 
gium of a seed plant is called the nucellus. 
The nucellus is enclosed by one or two 
additional layers of tissue, the integuments. 
The integuments have no obvious counter- 
part among heterosporous cryptogams, and 
their evolutionary origin is not clearly un- 
derstood. The megasporangium, plus the 
enelosing integument or integuments, is 
called an ovule. There is a small opening 
through the integuments at one end of the 
ovule. In the less modified types of ovules, 
this opening, called the micropyle (from 
Greek mikros, small, and pylé, little gate), 
is at the opposite end from the stalk. At 
the micropylar end of the ovule the mega- 
sporangial wall (the nucellus) is generally 
well defined; at the other end it is often 
not clearly differentiated from the integu- 
ments, 

The microspores of seed plants gener- 
ally undergo one or more mitotic divisions 
before they are released from the mi- 
crosporangium in which they are pro- 
duced. At the stage in which they are shed 
from the microsporangium, the young 
male gametophytes are called pollen grains. 
The microsporangium itself is called a 
pollen sac. The nuclear divisions which 
occur in the development of pollen grains 
from microspores do not result in any sig- 
nificant increase in the volume of the pro- 
toplast, and the wall of the pollen grain 
is merely the matured wall of the micro- 
spore. The sperms of most seed plants 
(the cycadophytes are a notable exception) 
are delivered to the egg through an out- 


growth from the pollen grain, called the 
pollen tube. ‘There is no definite antherid- 
ium, and sooner or later the sperms are 
free in the cytoplasm of the pollen tube. 
The pollen tube digests its way through 
the tissue enclosing the female gameto- 
phyte and breaks open at the end, deliv- 
ering the sperms. 

The ripened ovule is called a seed, and 
the integuments of the ovule become the 
seed coat. The mature seed characteris- 
tically represents three successive genera- 
tions: (1) the integuments and nucellus of 
the old sporophyte; (2) the female gameto- 
phyte; and (3) the embryo sporophyte. 
The nucellus and the body of the female 
gametophyte may or may not be evident 
in the mature seed. The micropyle of the 
ovule is often visible as an imperfection in 
the mature seed coat. 

The ovules and young seeds of Mag- 
noliophyta (flowering plants) are char- 
acteristically enclosed within a structure 


Fig. 22.1 Left, Robert Brown (1773-1858), Scottish botanist and naturalist, who pointed 
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called an ovary, and the flowering plants 
are therefore often called angiosperms 
(from Greek angeion, a vessel, or enclosing 
vessel, and sperma, seed). ‘The ovules and 
young seeds of Pinophyta are exposed to 
the air, so that the pollen grains can be 
carried directly to the muicropyle. ‘The 
Pinophyta are therefore commonly called 
gymnosperms (from Greek gymnos, naked, 
and sperma, seed). This basic difference 
between gymnosperms and angiosperms 
was first pointed out in 1825 by the Scot- 
tish botanist and natural scientist Robert 
Brown, but it took several decades before 
botanists in general were convinced that 
the gymnosperms and angiosperms should 
be treated as separate, coordinate groups of 
seed plants. 

Gymnosperms always have a multi- 
cellular female gametophyte, consisting of 
several hundred to many thousand cells, 


which develops into the food storage tissue 
of the seed. We shall see in Chapter 31 
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Botanical Garden.) 
standing modern student of fossil gymnosperms. 


Right, Charles B. Beck (1927- 


), American paleobotanist, out- 
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that the angiosperms, on the contrary, have 
a much reduced and modified female 
gametophyte which does not develop into 
a food storage tissue. Other differences be- 
tween the two groups, reflecting in general 
the more advanced evolutionary status of 
the angiosperms, are best considered in 
connection with the latter group. 


BROAD CLASSIFICATION 


There are three well-marked groups of 
gymnosperms, here treated as the sub- 
divisions Cycadicae, Pinicae, and Gneticae. 
The Cycadicae and Pinicae have been dis- 
tinct since at least the Lower Carbonifer- 
ous period, and they have in recent decades 
often been considered to constitute separ- 
ate divisions, under the names Cycad- 
ophyta and Coniferophyta. For a time it 
was difficult to see any connection at all 
between them in the fossil record, and 
there are still some considerable gaps. Dis- 
coveries in the 1960’s, however, especially 
by the American botanist Charles B. Beck 
(1927-  ), have led to a growing con- 
viction that they both evolved from a 
group of Upper Devonian heterosporous 
fern-like plants which were themselves not 
much advanced beyond the ancestral rhyni- 
ophytes. ‘These heterosporous fern-like 
probable ancestors of the gymnosperms, 
here treated as the order Archaeopteridales 
in the division Polypodiophyta, have come 
to be called progymnosperms by many bot- 
anists. It is sometimes convenient to use 
the English words cycadophytes and conif- 
erophytes tor the Cycadicae and Pinicae, 
without implying that they should have 
divisional status. 

The Gneticae have a negligible fossil 
record and appear to be much more recent 
that the two other main groups of gymno- 
sperms. hey are obviously gymnosperms, 
related eventually to other gymnosperms, 
but opinion is still divided as to whether 
they are more nearly related to the Cyca- 
dicae or the Pinicae. 


Given the amount of difference among 
these three subdivisions of gymnosperms, 
we find it useful here to treat each group 
separately. 


Cycadicae 


CHARACTERISTICS 


The cycadophytes are gymnosperms 
with more or Icss fern-like, usually large 
and pinnately compound leaves. The seeds 
are borne on scarcely to strongly modified 
megasporophylls which, in most modern 
species and some fossils, are aggregated 
into a simple terminal cone. ‘The stem has 
a large pith, a well-developed cortex, and 
rather scanty vascular tissue. There is usu- 
ally some secondary thickening, but the 
cortex remains a prominent part of the 
mature stem. The central cylinder is a si- 
phonostele, which has usually been in- 
terpreted as having leaf gaps, but this inter- 
pretation 1s now controversial. The stem of 
modern species and many fossils usually 
appears to be unbranched. 


CLASSIFICATION AND DISTRIBUTION 


The modern cycadophytes are an evo- 
lutionary vestige of a group which was 
abundant and varied in Mesozoic and late 
Paleozoic times. The Paleozoic and Meso- 
zoic forms evidently occurred over most of 
the world (possibly indicating a relatively 
uniform mild climate), but the modern 
species are wholly confined to tropical and 
subtropical regions. 

There are four principal orders of cyca- 
dophytes, which are here considered to 
constitute three classes. The orders Lygin- 
opteridales (also called Cycadofilicales ) 
and Caytoniales belong to the class 
Lyginopteridopsida. The class Bennettit- 
opsida has only the order Bennettitales 


(also called Cycadeoidales), and the class 
Cycadopsida has only the order Cycadales. 


LYGINOPTERIDALES 


The Lyginopteridales, often called 
seed ferns or pteridosperms, are fern-like 
fossil plants with seeds (Fig. 22.2). They 
are known from rocks of Lower Carbonif- 
erous (or possibly Late Devonian) to Juras- 
sic age, being most abundant in the 
Carboniferous. Some of the Late Devonian 
fossils that had been thought, because of 
vegetative characters, to be seed ferns now 
prove to be heterosporous cryptogams, here 
referred to the order Archaeopteridales 
(the progymnosperms ). 

The leaves of pteridosperms resemble 
those of ferns, and most of the numerous 
fossil leaves which have caused the Car- 
boniferous period to be called the Age of 
Ferns are actually pteridosperms. Pterido- 
sperm leaves were evidently firmer than 
most fern leaves, and the cuticle is much 
more resistant to alteration under chemical 
treatment than the cuticle of modern or 
fossil ferns. 

Many pteridosperms were small trees, 
reaching a height of 30 feet or more, with 
an unbranched stem and a crown of large 
leaves, as in modern tree ferns. Others had 
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climbing and more or less branched stems, 
with more scattered leaves. Shorter plants, 
both branched and unbranched, are also 
known. The primary vascular cylinder is a 
siphonostele, and the primary xylem is 
commonly mesarch. ‘The interpretation of 
the stele as having or not having leaf gaps 
is discussed on p. 400 along with the stelar 
anatomy of conifers. The stem generally 
shows some secondary growth, but the pro- 
portion of secondary tissues is not high 
(Fig. 22.4). The tracheids of the secondary 
wood usually have bordered pits. The leaf 
trace consists of one or several strands. 
Often a strand which departs from the 
stele as a single trace forks into two before 
entering the base of the leaf. The roots are 
commonly slender and adventitious. 

Seeds of many pteridosperms are well 
enough preserved to show the integument, 
the nucellus, and the female gametophyte, 
and some even show suggestions of arche- 
gonia. Yet no embryo has ever been found 


in a pteridosperm seed. The reason for this 
lack remains to be clarified. Possibly fertili- 


zation did not take place until some time 
after the seed was shed, as in the modern 
Ginkgo. There is some indication that the 
nucellus may have degenerated before the 
female gametophyte matured, so that the 
sperms had direct access to the archegonia. 
The most characteristic position of the 


Fig. 22.2 A seed fern, re- 
constructed. 
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secondary growth. (Courtesy CCM: General Biological, Inc., Chicag 


seeds is along the margins of the leaves, 
but in some Permian species they are on 
the leaf surface instead (either the uppcr 
or the lower surface, according to the 
species). The megasporophylls (i.e. the 
seed-bearing leaves) are similar to ordinary 
vegetative leaves, or only slightly modified. 
The microsporophylls are pinnately com- 
pound or decompound, with several micro- 
sporangia on each pinna or pinnule, but 
they are often more different from the 
vegetative leaves than are the megaspor- 
ophylls. 

The stems, leaves, and seeds of pterido- 
sperms are more often preserved separately 
than attached, and there are many form 
genera as a result. Some of the common 
form genera based on leaves are Alethop- 
teris, Neuropteris (Fig. 22.3), and Sphe- 
nopteris. The leaf of a particular kind of 
pteridosperm was originally described in 
1828 as Sphenopteris hoeninghausii; the 
stem was described in 1866 as Dadoxylon 
oldhamium; the seed was later described as 
Lagenostoma oldhamia; the cupulate en- 
velope partly enclosing the seed was de- 
scribed as a species of Calymmatotheca, 
the petiole as Rhachiopteris aspera, and the 
roots as Kaloxylon hookeri. Each of these 
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parts, originally found detaehed, was later 
found attached to other parts of the plant; 
and all these names are believed to apply 
to the same species. What may be the 
microsporophylls of the same plant have 
been deseribed as a species of Crossotheca, 
but they have not yet been found organie- 
ally attached to the stem. 

The separate names here listed are 
still used to refer to the detached parts (ex- 
cept as noted below), partly as a matter of 
convenience, and partly beeause there is no 
assurance that the correlations which have 
been demonstrated are the only ones pos- 
sible. Individual organs of different kinds 
of modern plants are sometimes so similar 
that they ean seareely be distinguished, 
and the echanee for confusion is econ- 
siderably greater among the fossils. A fur- 
ther nomenelatural complication in the 
particular example cited is that the later 
generie name Lyginopteris became much 
more familiar to paleobotanists than 
Sphenopteris, and the name Lyginopteris 
has now been conserved (and Sphenopteris 
disearded) by deeision of an international 
botanical congress. ‘The foliage of this 
plant, and the whole plant when one 
wishes to refer to it, are therefore properly 
called Lyginopteris hoeninghausi. 

An apparent seed fern of considerable 
interest is Glossopteris, which was eom- 
mon and widespread in the Southern 
Hemisphere during the Permian period. 
Glossopteris (Fig. 38.4) had rather un- 
fernlike, simple and entire leaves often 
several inches long, attached apparently to 
a rhizome. Its fruiting structures, recently 
discovered, were borne on the upper sur- 
face of the leaf, but the morphological de- 
tails remain to be elarified. We shall see in 
Chapter 38 that one reason Glossopteris 
has attracted ‘attention is that its geograph- 
ieal distribution, along with that of other 
genera frequently found with it, suggests a 
Permian land configuration in the South- 
ern Hemisphere quite different from that 
whieh exists today. Another reason for the 
interest is that many botanists think the 
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angiosperms must have arisen from seed 
ferns with the seeds on the upper surface 
of the leaf, and there are few seed ferns 
other than Glossopteris which meet this 
criterion. Connecting forms are still miss- 
ing, however, and the angiosperms are not 
yet definitely known from pre-Cretaeeous 
deposits. 1 


CAYTONIALES 


The Caytoniales (Fig. 22.5) are an 
unusual group of fossil eyeadophytes that 
oecur in roeks of ‘Triassic to Cretaceous 
age. The stem is known only from frag- 
mentary branehed twigs. The leaves are 
fairly common fossils and have been known 
since 1828. They charaeteristically have a 
slender petiole and four more or less digi- 
tately arranged leaflets (actually two 
closely set pairs). A eommon species has 
narrowly elliptic leaflets about 2 inches 
long, with a midrib and a network of 
smaller veins. The microsporophylls are 
pinnately compound, with the miero- 
sporangia all on one side. The ovules are 
contained in small, nearly closed pouches, 
which are pinnately arranged along a short 
slender axis that is probably a modified 
megasporophyll. Each pouch holds a num- 
ber of small ovules, from about 8 to about 
30 in different species. These pouches were 
at first (1925) compared to the ovaries of 
angiosperms, and the Caytoniales were sug- 
gested as possible ancestors of the flower- 
ing plants. The ovary of primitive angio- 
sperms, however, is generally considered to 
be homologous with a complete leaf, rather 
than with a small segment of a leaf such as 
a Caytonia pouch, and the suggestion of a 
close relationship between the angiosperms 
and the Caytoniales has not been widely 
accepted. The Caytoniales are now gener- 
ally regarded as a pteridospermous offshoot 


1 Fossil palm wood has recently been found 
associated with Jurassic rocks in Utah, but not 
all botanists are convinced that the fossils occur 
in situ within these admittedly Jurassic strata. 
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Fig. 22.5 Caytonia. A, leaf (X1/2); B, base of leaflet (X3); C, microsporophyll (X12); 
D, seed pouch with two ovules (X9); E, megasporophyll (1-1/2). (All figures after 


T. M. Harris.) 


that died out without leaving descendants. 
On the other hand, the continued failure 
to find fossils connecting the angiosperms 
to any other group of plants has kept the 
interest in all possibilities alive, and recent- 
ly there has been a revival of speculation 
that there may be some sort of relationship 
here. The formidable difficulties to such a 
hypothesis have not yet been fully resolved. 


BENNETTITALES 


The Bennettitales are a group of fossil 
cycadophytes known from rocks of Trias- 
sic to Cretaccous age. They were evidently 
common during most of the Mesozoic cra; 
and it is this group, more than the true 
cycads (Cycadales), which have caused 
the Mesozoic era sometimes to be called 
the Age of Cycads. The Bennettitales, 
often called cycadeoids, are an offshoot 
from the pteridosperms, characterized by 
their well-developed female cones with 
highly modified megasporophylls. The 
cones are commonly borne on short axil- 
lary shoots. Usually there is a group of 


microsporophylls toward the base of each 
fertile shoot, beneath the female cone. The 
microsporophylls are pinnately compound 
and generally several inches long. Most 
pinnae of a microsporophyll have a row of 
synangia along each side. Each synangium 
is composcd of more or less numerous, 
partly fused microsporangia. The female 
cone terminates the fertile shoot; the cone 
axis bears numerous megasporophylls inter- 
mingled with sterile appendages which pre- 
sumably represent modified megasporo- 
phylls that have lost their reproductive 
function. Each fertile megasporophyll is 
narrow and undivided, with a single ter- 
minal ovule. The seeds are much like those 
of pteridosperms, except that they often 
contain embryos; the embryo has two 
cotyledons. 

The stem of the Bennettitales is typ- 
ically unbranched (except for the short fer- 
tile shoots) with a crown of leaves at the 
top. Sparsely branched forms are not un- 
common, however, and a few are freely 
branched. Like other cycadophytes, the 
Bennettitales have a relatively large pith 
and cortex, and comparatively little xylem. 
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Fig. 22.6 Left, Encephalartos transvenosus, a cycad, in Transvaal, Union of South Africa. 
Right, cones of another species of Encephalartos. (Photos by W. H. Hodge.) 
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The primary vascular cylinder is an endarch 
siphonostele with well-developed leaf gaps; 
the leaf traces pass directly through the 
cortex to the leaf. The leaves are generally 
large (sometimes as much as 10 feet long), 
of firm structure, and pinnately once com- 
pound, as in modern cycads. A few genera, 
such as Williamsoniella, have simple, strap- 
shaped, entire leaves. The roots of the 
cycadeoids, so far as known, are fibrous and 
adventitious, as in the pteridosperms. 

It is generally agrecd that the Ben- 
nettitales have no modern descendants. 


CYCADALES 


The Cycadales, or cycads, are cyca- 
dophytes with the microsporophylls sim- 
ple and aggregated into a strobilus. There 
are 9 modern genera with about 65 spe- 


cies, all restricted to tropical and sub- 
tropical regions. Zamia floridana (Fig. 
22.7), of Florida, is the only cycad native 
to the United States. Other species of 
Zamia occur from Mexico and the West 
Indies to northern South America. Fossil 
cycads are known from as far back as the 
Early Permian, and possibly the Late Up- 
per Carboniferous. Cycads are often much 
like small tree ferns in appearance, with a 
simple trunk and a crown of pinnately 
compound leaves, but the leaves are much 
firmer than those of most ferns. The arbor- 
escent forms are usually called palms by 
non-botanists, and even in areas where tree 
ferns are well known, they arc not gener- 
ally called ferns. 


Roor 


The primary root of a cycad seedling 
develops into a large main root which 





often becomes several or many feet long. 
Such a root is called a taproot. Some 
branches from the upper part of the tap- 
root often grow upward to the surface of 
the ground, where they produce numer- 
ous, short, thick, irregular branches. A 
zone in the cortex of these aerial roots is 
inhabited by a species of Anabaena (blue- 
green algae). The relationship is believed 
to be symbiotic, with the alga supplying 
nitrogen to the root, much as the symbi- 
otic nitrogen-fixing bacteria supply nitro- 
gen to the roots of legumes. 


STEM 


The stem of cycads is typically erect, 
unbranched, or with only a few small 
branehes, and up to 10 feet or, in one spe- 
cles, even 60 feet tall. The leaves are borne 
in a crown at the top, and below this the 
stem is covered by an armor formed by 
the persistent petiole bases of dead leaves 
of previous years. The approximate age of 
the plant can be computed from the num- 
ber of leaf bases, the number of leaves in 
a crown, and the number of years’ dura- 
tion of a crown. On this basis some cycads 
are believed to be more than 1000 years 
old. Some species have a short, fleshy-thick- 
ened, underground stem instead of an aerial 
trunk. Most species have strictly terminal 
cones, and further elongation of the stem 
after a cone has been produced is usually 
due to growth from an axillary bud just 
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beneath the cone. The apparently simple 
and unbranched stem of many cycads is, 
therefore, in a strict morphological sense, 
composed of a series of short axillary 
branches. Such a stem is said to be sym- 
podial. 


The stem of a cycad (Fig. 22.8) has 
a large pith and thick cortex, with rela- 
tively little xylem. The primary vascular 
cylinder is generally an endarch siphono- 
stele, although seedlings and the cone axes 
tend to be mesarch. The secondary xylem 
consists largely of pitted tracheids, except 
in Zamia and Stangeria, which have fern- 
like scalariform tracheids instead. The 
phloem consists largely of sieve cells with 
scattered sieve areas and slanting end walls. 
Apical growth is due to the activity of an 
apical meristem, and the slight secondary 
thickening is due to a cambium. Some- 
times there are several concentric rings of 
vascular tissue, the rings being produced 
successively by new cambial layers which 
differentiate from the parenchymatous tis- 
sue of the cortex. 


LEAVES 


The leaves of cycads are firm and pin- 
nately (in Bowenia bipinnately) com- 
pound. They are typically several feet 
long, tanging from a minimum of about 2 
inches to a maximum of about 10 feet. The 
leaves of Cycas are distinctly circinate in 
bud; other genera vary from slightly to nat 


Fig. 22.8 Zamia floridana. Left, 
cross section of stem; CoO., Cor- 
tex; ph., phloem; pi., pith; xy.. 
xylem. (After Chamberlain.) 
Right, method of branching, the 
internodes shown much exag- 
gerated. (After F. G. Smith.) 
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at all circinate. The pinnae are often stiffly 
spine-tipped. 

Usually several leaf traces enter each 
leaf. The traces spiral outward and slightly 
upward through the cortex, some of them 
often passing as much as halfway around 
the stem before entering the leaf. The leaf 
has a heavy cuticle and a thick-walled epi- 
dermis, with the stomates chiefly confined 
to the lower surface and commonly sunken 
in small pockets. Usually there is a thick- 
walled hypodermis just within the epi- 
dermis. The mesophyll usually consists of 
an upper layer of palisade tissue and a 
lower layer of compact spongy tissue. The 
vascular bundles are surrounded by a bun- 
dle sheath of thick-walled cells. The whole 
leaf anatomy is suggestive of that often 
found in plants of very dry habitats, as 
discussed in Chapter 27. Possibly the 
scantiness of the xylem necessitates com- 
pensating adaptations in the leaf struc- 
ture to minimize damage from’ water 
loss. 


DEVELOPMENT OF THE POLLEN 


In contrast to the Bennettitales, the 
cycads are strictly dioecious (Greek, two- 


Fig. 22.9 Zamia chigua, in 
Colombia, with male cones. 
(Photo courtesy of José 
Cuatrecasas.) 


houses); i.e., the megasporophylls and 
microsporophylls are borne on separate in- 
dividuals. The Bennettitales, with both 
types of sporophylls on the same plant, are 
monoecious. The microsporophylls of 
cycads are simple (i.e., not compound) and 
are aggregated into a simple strobilus. The 
microsporangia are borne on the lower side, 
often covering the whole lower surface, and 
usually numbering from 25 to about 1000. 
Development of the microsporangia fol- 
lows the eusporangiate pattern, and there 
is a definite tapetum. A microsporangium 
contains numerous microspore mother 
cells, each of which undergoes meiosis to 
form a tetrad of microspores. 

The microspores have n chromosomes 
and are the first cells in the male game- 
tophyte generation. The wall of the micro- 
spore 1s composed of an outer layer called 
the exine and an inner layer called the 
intine. The first division of the protoplast 
within the wall of the ellipsoid microspore 
results in the formation of a small pro- 
thallial cell at one end and a larger cell 
occupying the remainder of the space. The 
prothallial cell is an evolutionary vestige 
of the vegetative body of the gametophyte. 
The larger of the two cells formed in the 


first division divides again, forming a small 
generative cell next to the prothallial cell, 
and a larger “tube cell” filling the rest of 
the space. At this stage the three-celled 
male gametophyte, now called a pollen 
grain, is shed from the microsporangium. 


DEVELOPMENT OF THE OVULES 


The megasporophylls (Fig. 22.10) of 
most cycads are aggregated into a compact 
strobilus that ranges from about 1 inch to 
nearly 3 feet long. In Cycas the mega- 
sporophylls are only loosely clustered, and 
the distal part of each megasporophyll is 
more or less expanded and often pinnately 
cleft, whereas the proximal part (the part 
nearest the stem) bears a row of ovules 
along each side of the rachis. In other 
cycads the miegasporophyll usually con- 
sists of a stalk and an expanded cap, with 
two ovules which lie alongside the stalk 
beneath the cap. 

The ovule has a single, massive integu- 
ment that is wholly distinct (above the 
base) from the well-developed nucellus. 
At the opposite end from the point of at- 
tachment to the megasporophyll, the in- 
tegument is interrupted by a small open- 
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ing, the micropyle. The integument does 
not fit closely around the upper (micro- 
pylar) end of the nucellus, and the space 
between them is called the pollen eham- 
ber. The ovule produces a single, large 
megaspore mother cell surrounded by the 
nucellus. The megaspore mother cell un- 
dergoes meiosis, giving rise to a single 
functional megaspore and two or three ves- 
tigial megaspores which soon degenerate 
and disappear. 


FEMALE GAMETOPHYTE 


The megaspore has n chromosomes 
and is the first cell in the female game- 
tophyte generation. By a scries of mitotic 
divisions, it gives rise to a multicellular 
gametophyte which is enclosed within the 
nucellus of the ovule. Formation of cell 
walls within the body of the female game- 
tophyte is delayed until after a number of 
nuclear divisions has occurred, so that there 
is a free-nuclear stage in which numerous 
nuclei are scattered through a continuous 
mass of cytoplasm. Sometimes as many as 
1000 nuclei are produced before any par- 
titions are formed. 

The female gametophyte does not 


Fig. 22.10 Megasporophylls of 
living cycads. Left, Cycas revo- 
luta, with young ovules; next, 
Cycas circinalis, with young 
ovules; third, Cycas rumphii, 
with seeds; upper right, Dioon 
edule, with seeds; lower right, 
Zamia, with seeds. (Zamia X 2/3; 
others X1/3.) Note the gradual 
transition from the  pinnately 
compound megasporophyll of 
Cycas revoluta to the more pre- 
valent type in modern cycads, 
shown by Dioon and Zamia. 
(From W. H. Brown, The plant 
kingdom, copyright 1935 and 
1963; courtesy of Ginn & Com- 
pany, Boston.) 
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completely fill the nucellus at the micro- 
pylar end, and the resulting cavity is called 
the archegonial chamber. The archegonial 
chamber is separated from the pollen 
chamber by the nucellus. Exclusive of the 
ordinary gametophytic cells which line the 
“venter,” the archegonium consists of 
only four cells: two neck cells, a very large 
egg, and a ventral canal “cell.” The ventral 
canal cell is represented only by a nucleus 
which les within the same mass of cyto- 
plasm as the egg nucleus, and it (the ven- 
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Fig. 22.11 Dioon edule. A-E, development of 
pollen: A, microspore; B, two-celled stage; C, 
mature pollen grain; D, germinating pollen grain; 
E, lower part of developing pollen tube; F, long 
section of upper part of developing ovule at the 
time of fertilization; the pollen tube at the right 
has discharged its sperms, which with their sur- 
rounding cytoplasm lie near the top of the arche- 
gonium at the right; a.c., archegonial chamber; 
b.c., body cell; e., exine; e.n., egg nucleus; g.C., 
generative cell; i., intine; f.int., fleshy integument; 
sint, stony integument; n., nucellus; m.g., male 
gametophyte; po.ch., pollen chamber; p.c., pro- 
thallial cell; t.c., tube cell; s.c., stalk cell. (A-E, 
x about 125; F, X about 20.) (All adapted from 
Chamberlain.) 


tral canal nucleus) often degenerates be- 
fore fertilization. 


MATURATION OF THE MALE GAMETOPHYTE 


When the ovule is ready for pollina- 
tion, some of the upper cells of the nucel- 
lus degenerate, forming a mucilaginous pol- 
lination drop which oozes out from the 
top of the micropyle. (Pollination, in gym- 
nosperms, is the transfer of the pollen from 
the microsporangium to the micropyle of 


the ovule.) The pollen grains are dis- 
tributed by the wind, and possibly also by 
the insects which customarily feed on 
them. A pollen grain which lands on the 
pollination drop is held there and is drawn 
down into the pollen chamber as the pol- 
lination drop dries and contracts. 

On reaching the nucellus at the base 
of the pollen chamber, the pollen grain 
germinates, forming a pollen tube. The 
intine expands in a local area opposite (not 
adjacent to) the prothallial cell, ruptur- 
ing the exine and pushing out as the wall 
of the pollen tube. The pollen tube grows 
slowly into the nucellus, tangentially to the 
female gametophyte rather than directly 
toward it. The generative cell soon divides 
to produce a stalk cell and a body cell. The 
prothallial cell, the stalk cell, and the body 
cell remain at the pollen-grain end of 
the gametophyte, the pollen tube proper 
being formed by enlargement of the tube 
cell of the pollen grain. 

The pollen tube acts as a haustorium, 
producing digestive enzymes and absorb- 
ing food from the degenerating nucellar 
tissue around it. After several months, the 
upper end of the nucellus is so thoroughly 
destroyed that the pollen-grain end of the 
male gametophyte hangs loose in the 
archegonial chamber, suspended from the 
pollen tube, which is anchored in the less 
damaged, lateral tissue of the nucellus. 
The body cell of the male gametophyte 
divides at about this time into two sperm 
mother cells. The protoplast (or most of 
it) of each sperm mother cell matures into 
a sperm, and the original wall of the sperm 
mother cell breaks down, liberating the 
sperm into the cytoplasm of the pollen 
tube. The sperms (Fig. 22.12) are rela- 
tively large, frequently about 0.3 mm long, 
and have numerous whiplash flagella at- 
tached to a spiral band at one end. In 
most cycads only two sperms are produced 
by the pollen grain; but in Microcycas 
the stalk cell cuts off a succession of body 
cells, each of which produces 2 sperms, 
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Fig. 22.12 Sperm of Zamia floridana. Left, side 
view; right, end view of ciliate part. (X125.) 
(After Webber; from W. H. Brown, The plant 
kingdom, copyright 1935 and 1963; courtesy of 
Ginn & Company, Boston.) 


and 16 or more sperms are often present 
in a single pollen tube. The pollen-grain 
end of the gametophyte now swells and 
bursts, releasing the sperms and much of 
the rest of its contents into the archego- 
nial chamber. Some of the cytoplasm of 
the egg also escapes into the archegonial 
chamber, and eventually the nucleus 
of the sperm reaches the nucleus of the 


egg. 


EMBRYO, SEEDS, AND SEEDLINGS 


Fusion of a sperm and an egg consti- 
tutes fertilization. More than one sperm 
may enter the cytoplasm of an egg, but 
only one sperm nucleus fuses with an egg 
nucleus. The fertilized egg has 2n chromo- 
somes and is the first cell in the sporo- 
phyte generation. It gives rise, by a series 
of mitotic divisions, to the embryo of the 
secd. Walls do not form between the 
nuclei of the embryo until 64 to 1000 or 
more nuclei have been produced. Before 
the formation of partitions, the embryo 1s 
said to be in the free-nuclear stage. Often 
several young embryos are produced in an 
ovule, but usually only one matures. 

The embryo has a primary root, a pri- 
mary shoot, and two cotyledons which are 
attached just below the primary shoot. 
The primary shoot of the embryo of a 
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seed plant is called the epicotyl, or 
plumule, and the primary root is called 
the radicle. The radicle of a cycad seed 
lies at the micropylar end and is attached 
to a long, tightly coiled suspensor which, 
at an earlier stage in the ontogeny of the 
seed, served to push the embryo down 
into the body of the female gametophyte. 
The embryo of the mature seed is em- 
bedded in the body of the female gameto- 
phyte, which is a food storage tissue. 
The intcgument of the ovule becomes 
the seed coat. In cycads the single integu- 
ment 1s differentiated at maturity into a 
fleshy, often red or orange outer layer, a 
hard middle layer, and a thin, dry inner 










Fig. 22.13 Life cycle of Zamia: 
- e. archegonium with fertilized 
egg; f.g., female gametophyte; 
f.m., functional megaspore; i., 
integument; m., micropyle; 
mes., megasporophyll; mis., 
microsporophyll; msp., micro- 
spore; n., nucellus; p.g., pollen 
grain; t.m., tetrad of megaspores. 


layer. The nucellus persists as a dry, papery 
cap over the micropylar end of the female 
gametophyte, within the seed coat. 

The cone usually disintegrates as soon 
as the seeds are mature, and germination 
follows immediately. The embryo elong- 
ates, and the radicle, protected by a hard 
outer coating called the coleorhiza, breaks 
its way through the seed coat. The stem 
remains short at first, but it soon gives 
rise to a first vegetative leaf which grows 
up into the air and becomes photosyn- 
thetic. The cotyledons remain largely 
within the seed coat, absorbing food from 
the body of the female gametophyte and 
passing it on to the growing seedling. 


ECONOMIC IMPORTANCE 


The modern cycads are not of much 
economic importance. They are often 
grown for ornament in warm regions, and 
Cycas revoluta is regularly cultivated in 
greenhouses for its attractive leaves, which 
are used in funeral wrcaths and on Palm 
Sunday. Many cycads are poisonous, and 
Dioön edule is reported to cause serious 
losses of cattle in parts of Mexico. A spe- 
cial kind of flour, now called Florida 
arrowroot starch, is prepared from the 
thickened base of Zamia floridana, after 
the poisonous principle has been leached 
out. 

The pteridosperms, which were com- 
mon and widely distributed during the 
Carboniferous period, were among the 
most important contributors to the masses 
of decaying vegetation that became trans- 
formed into coal. 


RELATIONSHIPS 


The pteridosperms evidently origi- 
nated from heterosporous, eusporangiate 
ferns that had not advanced much beyond 
the rhyniophyte stage—the group treated 
in Chapter 21 as the order Archaeopterid- 
ales. This relationship is further discussed 
on pp. 418-419 at the end of this chapter. 

The groups Caytoniales, Bennetti- 
tales, and Cycadales can each be readily 
interpreted as derived directly from the 
pteridosperms, and each has advanced 
features which make it unlikely to be 
ancestral to any of the others. The seed 
pouchcs of the Caytoniales, which pre- 
sumably represent modified pinnae of the 
megasporophyll, are quite unlike anything 
else in the division. The megasporophyll 
of the Bennettitales, which is unbranched 
and bears a single terminal ovule, can be 
derived by reduction from the multiovu- 
late megasporophyll of the seed ferns but 
could hardly be ancestral to the cycad 
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megasporophyll, which has lateral rather 
than terminal ovules. 

The ontogeny of the stomatal appara- 
tus in the Bennettitales is unlike that of 
other cycadophytes. The guard cells and 
two or four adjacent epidermal cells are 
all derived from a single initial cell of the 
epidermis. ‘This type of stomatal appa- 
ratus, described as syndetocheilic, is other- 
wise found only in Gnetum, Welwitschia, 
and many angiosperms. In all other plants 
with stomates, only the two guard cells 
are derived from an initial cell, and the 
adjoining epidermal cells are sister cells 
of the stomatal initial and of other ordi- 
nary epidermal cells, rather than being 
sister cells of the guard cells. This type of 
stomatal apparatus, called haplocheilic, is 
considered to be more primitive than the 
syndetocheilic type, and it is not to be 
expected that a group with syndetocheilic 
stomates would be ancestral to a group 
with haplocheilic stomates. Possession of 
syndetocheilic stomates is no guarantee of 
relationship, however; this evolutionary 
advance, like many others, seems to have 
occurred more than once. 

The cycads proper, with the simple 
microsporophylls aggregated into a com- 
pact strobilus, could hardly be considered 
ancestral to the Caytomiales or Bennetti- 
tales, which retain the branched micro- 
sporophylls of the pteridosperms. 


Pinicae 
CHARACTERISTICS 


The Pinicae (coniferophytes) are 
gymnosperms with usually freely branched 
stems, vigorous secondary growth, and 
mostly simple, usually small leaves. In 
some of the fossil Ginkgoales the leaves are 
dichotomously several times divided, but 
the pinnately compound leaves which 
characterize most of the Cycadicae are un- 
known in the Pinicae. The primary vascu- 
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lar cylinder is a siphonostele which, like 
that of the Cycadicae, has variously been 
interpreted to have leaf gaps or not to have 
them. The pith is usually small. 

The seed-bearing organs of conifer- 
ophytes are variously modified but never 
distinctly leaf-like. The female cones of 
modern species, when present, are of com- 
plex structure, unlike the simple cones of 
cycadophytes. ‘The organs on whieh the 
microsporangia are borne are usually called 
microsporophylls, although it may be 
doubted that the modified tclomes or 
telome-systems from which they apparently 
originated ever were proper leaves. These 
so-called microsporophylls are aggregated 
into a simple strobilus, comparable to that 
of the modern cycads. Features differenti- 
ating the Pinicae from the Gneticae are 
discussed under the latter group. 


CLASSIFICATION 


There are about 400 living species of 
Pinicae. These may be classified into three 
orders, the Pinales (often called Conifer- 
ales), Taxales, and Ginkgoales. A fourth 
order, the Cordaitales, is known only from 
fossils. The Pinales, Taxales, and Corda- 
itales are morc similar among themselves 
than any one of them is to the Ginkgoales. 
This similarity is expressed by grouping the 
Coniferales, Taxales, and Cordaitales into 
a Class Pinopsida, in contrast to the class 
Ginkgoopsida which contains only the 
order Ginkgoales. 


CORDAITALES 


The Cordaitales arc a group of fossil 
coniferophvtcs known from rocks òf Lower 
Carboniferous to Permian age. Devonian 
fossils, such as Callixoxylon, which have in 
the past been referred to the Cordaitales 
on the basis of stem anatomy have recently 
been shown to belong with the Archac- 
opteridales instcad. It is possible, however, 


that the recently discovered Late Devonian 
seed, Archaeosperma, should be associated 
with the Cordaitales. 

The Cordaitales werc tall trees, reach- 
ing a height of 100 fect or morc. Judging 
from the abundancc of the fossil remains, 
they must have formed large forests dunng 
the Carboniferous pcriod. They show 
vigorous secondary growth, as do modern 
conifers, but the pith is usually larger, com- 
monly 1-4 cm or even 10 cm thick. The 
secondary wood, which lacks resin canals, 
is suggestive of the modern genus Arau- 
caria (Pinales). The primary vascular cyl- 
inder is a more or less dissected endarch to 
mesarch siphonostele. 

The leaves of the Cordaitales are long 
and rather narrow, undivided, and dis- 
tinctly larger than in most modern coni- 
fers, sometimes as much as 1 m long. Num- 
erous small, dichotomously branched veins 
run the length of the leaf, as in the modern 
coniferous genera Agathis and Araucaria. 

The cones of the Cordaitales are 
borne on specialized, slender branches 
commonly 10-20 cm long. Each such 
branch bears small, narrow, modified leaves 
(bracts) along its length, and in the axil 
of each bract is a small cone seldom much 
over 1 cm long. ‘The cone bears narrow, 
spirally arranged appendages, some of 
which are fertile. The fertile appendages 
were at one time thought to be in 
the axils of the sterile ones, but in better 
preserved specimens they appear to be in 
the same spiral as the sterile ones. Each 
cone, and each cone-bearing branch, is 
exclusively male or exclusively female, as 
far as is known, but both types sometimes 
occur on the same tree. The microsporo- 
phyll bears one, two, four, or even six 
slender, terminal microsporangia, whereas 
the megasporophyll usually bears a single 
terminal ovule (rarely two). 

The pollen grains are globular, with a 
large air cavity separating the intine from 
the exine over most of their area. The 
ovule has a single integument which is 
wholly distinct from the nucellus. The 


seeds are usually flattened, often heart- 
shaped, with a thin wing margin, evi- 
dently being adapted for wind distribution 
as are the pollen grains. Often the mega- 
sporophyll elongates so that the mature 
seed is exscrted from the cone. Seeds con- 
taining definite embryos have not yet been 
found, although the body of the female 
gametophyte is frequently well defined. 
Most of the common Carboniferous 
members of the Cordaitales may be referred 
in the broad sense to the single large genus 
Cordaites (Fig. 22.14), although detached 
parts are often named under various form 
genera instead. The names Cordaioxylon, 


% 





Fig. 22.14 Reconstruction of Cordaites. (Cour- 
tesy of the Field Museum of Natural History.) 
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Dadoxylon, and Mesoxylon have been 
used for the wood, Amyelon for the root, 
Cordaianthus for the cones and associated 
structures, Artisia for pith casts, and Cor- 
daicarpus, Cardiocarpus, Mitrospermum, 
and Samaropsis for the seeds. No post- 
Paleozoic fossils are definitely referrcd to 
the Cordaitales, but some of the Mesozoic 
fossil wood called Araucarioxylon (Pinales) 
would doubtless be considered cordaitalean 
if it were found in Palcozoic rocks instead. 


PINALES 


DISTRIBUTION AND HABIT 


The Pinales, or conifers (often called 
Coniferales) are the largest group of 
modern coniferophytes, with about 300 
species. They occur from the Arctic to the 
Antarctic Circle but are most common in 
temperate and cold-temperate regions, es- 
pecially in the Northern Hemisphere, 
where they form, extensive forests. Pinus 
(pine) (Fig. 22.15), with about 90 species, 
is the largest genus of the Northcrn Hem- 
isphere. Araucaria is a common genus of 
the Southern Hemisphere; various species 
are called Chilean pine, Brazilian pine, 
Norfolk Island pine, and monkey puzzle. 
Some other familiar genera of the North- 
ern Hemisphere are Abies (fir), Cedrus 
(true cedar, including cedar of Lebanon), 
Juniperus (juniper, “cedar’), Larix 
(larch), Picea (spruce), Pseudotsuga (P. 
menziesii is the Douglas fir), Thuja (T. 
plicata is the western red cedar), and 
Tsuga (hemlock) (Fig. 22.16). 

Conifers are usually trees, less often 
shrubs, typically with excurrent branching 
(ie. with a well-defined central axis and 
smaller lateral branches). Individual trees 
of Sequoiadendron giganteum, the Cali- 
fornia big tree or Sierra redwood, are the 
largest living things, reaching a height of 
about 300 feet and a diameter of about 
35 feet near the base. The coast redwood 
(Sequoia sempervirens), of the coast 
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ranges of northern California and adja- 
cent Oregon, is even taller, up to 350 feet, 
although the total bulk is less because the 
trunk is more slender. 


STEM (Primary Tissues) 


Growth in length of the stem is due 
to an apical meristem which remains func- 
tional throughout the life of the plant. 
The apical meristem is covered by the ad- 
jacent leaves which extend up around it 
and protect it from injury. Usually the 
apical meristem is dormant for much of 
the year, and the leaves which subtend it 
during the dormant period are distinctly 
modified, relatively small, and closely set, 
forming a compact covering. The dormant 


Fig. 22.15 Pitch pine, Pinus 
rigida; mature tree in New 
York state. (New York Bo- 
tanical Garden photo.) 


meristem with its covering leaves (bud 
scales) is called a terminal bud. Branches 
originate by the segmentation of the apical 
meristem into terminal and lateral parts, 
each of the lateral parts becoming the 
apical meristem of a branch. Branches of 
the main stem are often whorled, but 
those of the primary branches are more 
often opposite; in any case they bear no 
positional relationship to the foliage leaves. 

The primary vascular cylinder is an 
endarch siphonostele which has usually 
been interpreted to have leaf gaps. It now 
appears, however, that the so-called leaf 
gap of gymnosperms in general may not be 
homologous with the leaf gaps of typical 
ferns. A recent interpretation by Nam- 
boodin and Beck derives the modern gym- 
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nospermous stele from the progymno- 
spermous protostele with attached leaf 
traces. The stele then became dissected 
into longitudinal columns separated by 
strands of parenchyma and surrounding a 
parenchymatous pith. At this stage the leaf 
trace merely departs from the stem bundle 
without disturbing its continuity. Some 
Paleozoic fossils in both the pteridosperm 
and the cordaitalean lines show this type 
of structure. Subsequently the stelar bun- 
dles assumed a more undulating or wander- 
ing vertical course, so that the departure of 
the leaf trace appears to produce a gap 
above it. 
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Fig. 22.16 Western hem- 
lock, Tsuga heterophylla. A 
plate from Silva of North 
America, by Charles Sar- 
gent (1841-1927), outstand- 
ing American dendrologist 
and first director of the 
Arnold Arboretum, Boston, 
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The primary xylem of conifers con- 
sists of tracheids with annular or spiral sec- 
ondary walls. The primary phlocm forms 
strands adjacent and immediately external 
to the primary xylem, separated only by a 
single layer of cells (the procambium) 
which eventually develops into the cam- 
bium. 

The space between the bundles of the 
stele is filled with parenchyma tissue con- 
necting the parenchyma of the slender 
pith with the parenchyma of the cortex. 
These parenchymatous connections be- 
tween the pith and the cortex are called 
medullary rays or pith rays. 
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The cortex is generally more or less 
parenchymatous, and usually photosyn- 
thetic. Often it contains well-developed 
resin canals, of the type described on 
page 404. The epidermis is cutinized and 
has scattered stomates. 


STEM (CAMBIUM) 


The cambium forms a continuous 
layer, one cell thick, between the xylem 
and phloem of the stem (and also the 
root). It is a primary tissue, derived di- 
rectly by differentiation from the apical 
meristem. The cambium is a meristematic 
layer, the function of which is to produce 
secondary tissues. Before it has produced 
any secondary tissues, the layer of cells 
which will mature into cambium is called 
the procambium. When a cambial cell 
divides, one of the two daughter cells re- 
mains a cambial cell, and the other de- 
velops directly, or after one or more sub- 
sequent divisions, into either a xylem cell 
(if internal to the cambium} or a phloem 
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cell (if external to the cambium}. In many 
conifers it 1s difficult to distinguish the 
permanent cambium from the newly 
formed adjacent cells which will divide 
one Or more times again before maturing 
into xylem and phloem. Thus the cam- 
bium sometimes appears to be several cells 
thick. 


STEM (SECONDARY Woop) 


The secondary xylem of conifers con- 
sists largely of tracheids and parenchyma 
cells (Figs. 22.17, 22.18). Often there are 
scattered resin cells as well. The tracheids 
are long and narrow (0.5-11 mm long), 
tapering at the ends. They have a lignified 
secondary wall with bordered pits. Like 
tracheids of other plants, the tracheids of 
conifers die at maturity and _ thereafter 
have a dual function: support and water 
conduction. The space enclosed by the 
walls of the tracheid, through which the 
water passes, 1s called the lumen. 

The bordered pits of most conifers 


sp.w. 


Fig. 22.17 Pinus strobus; a 
cube of secondary wood; p., 
pit; sp.w., spring wood; 
su.w., summer wood; tr. 
tracheid; w.r., wood ray. A 
wood ray crosses the block in 
the foreground; the base of 
another can be seen half- 
way back in the block. Note 
that the pits (appearing 
doughnut-shaped in surface 
view) are larger and more 
numerous in the spring wood 
than in the summer wood. 
Note also that the pits be- 
tween the tracheids are all 
bordered, whereas many of 
the pits of the ray cells are 
simple. (X350.) (Redrawn 
from Coulter & Chamber- 
lain, Morphology of gymno- 
sperms, 1910, courtesy of 
University of Chicago Press.) 
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have a rather elaborate structure. Pits in 
adjacent tracheids are typieally opposite 
each other. The secondary wall arches out 
over the pit cavity from all sides, forming 
a border around the pit aperture. The pit 
membrane which separates a pair of pits 
consists of the two primary walls and the 
middle lamella. The primary wall of each 
surface of the pit membrane has a lens- 
shaped thickening, the torus, which ıs 
commonly wider than the pit aperture 
but does not reach the margins of the pit 
cavity. Between the edge of the torus and 
the margin of the pit cavity, the pit mem- 
brane is very thin and probably has small 
pores. The pits facilitate the passage of 
water from one tracheid to another, 
through the thin part of the pit mem- 
brane. 

Most (in some species all) of the par- 
enchyma cclls of the xylem of conifers 
are arranged in ribbon-shaped bands 
which, in cross-sectional view of the stem, 
form lines radiating toward the outside. 
These bands are called wood rays or 
xylem rays. Some xylem rays are exten- 
sions of the medullary rays and reach all 
the way from the cambium to the pith. 
Others extend only part way from the 
cambium toward the pith and then stop. 
The ray cells of the secondary wood, like 
the tracheids, are formed by cell division 
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Fig. 22.18 Big tree, Sequol- 
adendron giganteum; cross 
section of a small part of 
the xylem, showing spring 
and summer wood and ray- 
parenchyma cells. Oldest 
wood is at the bottom, 
youngest at the top. Note 
how the spring wood (large 
cells) passes into the summer 
wood, which is abruptly 
succeeded the next year by 
spring wood. (Photo cour- 
tesy of E. J. Kohl, Lakeside 
Biological Products, Ripon, 
Wis.) 


from the cambium. New rays are initiated 
from time to time, so that the number of 
rays is greatest next to the cambium, and 
least toward the pith. The lateral distance 
between the rays is thus maintained at a 
fairly constant figure (usually well under 
l cm) by the progressive inscrtion of new 
rays between the previously established 
ones. of 

A wood ray is one to several cells 
wide and 1-20 or even 50 cells high. The 
box-shaped cells of which it is largely com- 
posed have secondary as well as primary 
walls in the pines, firs, spruces, and their 
close allies, but only primary walls in 
junipers, cypresses, and the characteristic 
conifers of the Southern Hemisphere, such 
as Araucaria. The cell walls have only 
simple pits, without the prominent over- 
arching borders and without the torus. 
Some of the cells at the margin of a ray 
are often intermediate in structure be- 
tween ray cells and ordinary tracheids. 
Such cells are called ray tracheids. Every 
tracheid is in contact with one or more 
parenchyma cells somewhere along its 
length, and these parenchyma cells may 
in some way be necessary for the con- 
tinued functioning of the tracheids in 
water conduction. 

The rays of many conifers contain 
horizontal resin ducts (Fig. 22.19) which 
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originate by separation of the cells which 
come to border the duct. Resin ducts 
which originate in this way are said to 
be schizogenous. Often there are also 
vertical, schizogenous resin ducts which 
are not associated with the rays. The modi- 
fed parenchyma cells which border the 
vertical resin ducts are often the only 
parenchyma cells of the xylem other than 
the ray cells. 

In the conifers, as elsewhere, second- 
ary tissues can usually be distinguished 
from primary tissues by the arrangement 
of the cells in regular radial rows, as seen 
in cross section of the stem or root. Each 
such row of cells is derived eventually 
from a single cambial cell. 

Tracheids produced early ‘in the 
spring, when moisture is abundant and 
growth is rapid, have relatively thin sec- 
ondary walls and a large lumen, whereas 
those produced later in the season, when 


Fig. 22.19 Successive stages 
in the formation of a resin 
duct in pine. (X300.) (From 
W. H. Brown, The plant 
kingdom, copyright 1935 and 
1963; courtesy of Ginn & 
Company, Boston.) 


the water supply is usually more restricted 
and growth is slower, have thicker second- 
ary walls and a smaller lumen. In some 
conifers the summer wood is sharply dif- 
ferentiated from the spring wood of the 
same year, and in others the spring wood 
fades gradually into the summer wood. In 
either case, there is generally a clear de- 
marcation between the last-formed wood 
of one year, with very thick-walled 
tracheids, and the first-formed wood of the 
next year, with relatively thin-walled 
tracheids. These annual growth layers, 
which appear as concentric rings when the 
stem is viewed in cross section, are called 
annual rings. 

The thickness of an annual ring varies 
according to the kind of tree, its age, and 
the environmental conditions, especially 
the weather. In rapidly growing young 
trees they may be as much as 1 cm thick. 
In much of the western (especially south- 


western) United States, where moisture is 
a very important limiting factor in plant 
growth, a thicker ring is produced in wet 
years than in dry years, and it is thus pos- 
sible to discover something about the 
climate of the recent past. On the basis 
of tree rings, the drought during the mid- 
dle 1950’s is believed to have been the 
most severe to occur in parts of the south- 
western United States for more than six 
centuries. 

The age of a particular tree may be 
determined by counting the number of 
annual rings, although there is a possi- 
bility of error because of occasional false 
annual rings formed during unusual years 
in which the growing season may have 
been interrupted by a dry spell after which 
growth was resumed. False annual rings 
may often be detected by their failure to 
extend all the way around the stem, or 
by their incomplete differentiation from 
the next previous ring. 

All woody plants have an inherently 
limited life span. Sooner or later growth 
slows down and the tree becomes more 
susceptible to attaek by natural enemies, 
such as fungi and insects. Ages of 100-200 
years are common among the conifers, and 
some species eharacteristically live much 
longer. The Sierra redwood, which has 
very few natural enemies, sometimes 
reaches an age of 4000 years, and trees of 
this age were long thought to be the 
oldest living things. More recently ring 
counts have established that some bristle- 
cone pines (Pinus longaeva) near timber- 
line in the White Mountains of California 
and in the mountains of Nevada are even 
older, up to about 5000 years. 

The parenchyma cells of the xylem 
remain alive and continue to function 
normally for some years after they are 
produced. The resin of resin ducts 1s 
formed by the parenchyma cells surround- 
ing the duct. Resin has an antiseptic effect 
and tends to inhibit the growth of fungi 
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that might otherwise attack the tree. 
When the tree is injured, the resin flows 
out over the injured surface, sealing it 
off from possible infection. A small 
amount of food is stored in the ray-paren- 
chyma cells, which also carry on lateral 
conduction. 

Sooner or later the metabolic activity 
of the parenchyma cells is modified, with 
the result that the tracheids become more 
or less impregnated with resinous sub- 
stances, and the torus of each pit cavity 
tends to expand until it joins the sur- 
rounding secondary wall. Due to these 
changes, the tracheids losc their water- 
conducting function, retaining only the 
function of mechanical support. The pa- 
renchyma cells then die and their proto- 
plasm degenerates. 

The central core of xylem that has 
lost its water-conducting function 1s called 
heartwood, and the outer sheath of xylem 
which continues to conduct water and 
dissolved substances is called sapwood. 
The heartwood is generally darker in color 
than the sapwood, due to the resinous 
deposits, and the distinction is usually 
obvious to the naked eye. The boundary 
between the sapwood and heartwood is 
often irregular, extending several annual 
rings closer to the cambium at some points 
than at others. The inner part of the sap- 
wood is continuously transformed into 
heartwood as more sapwood is formed by 
divisions of the cambial cells. The heart- 
wood thus constitutes a progressively ex- 
panding core, whereas the sapwood tends 
to remain about the same thickness 
throughout the life of the tree. Some of 
the Sierra redwoods have a layer of sap- 
wood only 3-4 inches thick surrounding a 
core of heartwood many feet thick. 


Srem (BARK) 


The part of a woody stem external to 
the cambium is callcd the bark. In a young 
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stem the bark ineludes phloem, cortex, and 
epidermis. As the stem expands in girth 
due to the activity of the cambium, the 
outer tissues are ruptured and eventully 
slough off, so that in an older stem the 
bark consists entirely of secondary tissues 
derived directly or indirectly from the 
cambium. The bark of mature parts of the 
stem is divided into a zone near the cam- 
bium, the live bark, in which most of the 
cells are living, and an outer zone, the 
dead bark, with no living cells. 

The secondary phloem, formed by the 
cambium, consists of sieve cells, paren- 
chyma cells, and sometimes also scleren- 
chyma cells. The sclerenchyma may con- 
sist of elongate fibers or short stone cells. 
Some of the parenchyma cells are inter- 
mingled with the sieve cells; others are 
grouped into rays which are usually con- 
tinuous with the xylem rays (separated 
only by the cambium). 

Every sieve cell is in contact with at 
least one parenchyma cell, and sometimes 
there is a regular arrangement of sieve cells 
and parenchyma cells suggestive of the 
sievc-tube-companiori-cell structure of an- 
giosperms, although the ontogeny is differ- 
ent (see Chapter 23). The sieve cells, like 
those of other vascular plants, lack a nu- 
cleus, and it is believed that the nucleus of 
the adjacent parenchyma cell serves in ef- 
fect for the cytoplasm of the sieve cell as 
well. In any case, the parenchyma cells 
seem to be necessary to the continued 
functioning of the sieve cells. The paren- 
chyma cells of the phloem, including the 
ray-parenchyma, also serve in the storage 
of food. 

After the primary tissues of the young 
stem have matured and secondary tissues 
have begun to be produced, some of the 
parenchyma cells of the cortex or the 
phloem revert to a meristematic condition 
and begin to produce new tissues in much 
the same manner (but not the same kind) 
as the cambium. This new meristematic 
layer 1s called the phellogen, or cork cam- 


bium, after its most conspicuous product. 
The true cambium, which produces xylem 
and phloem, is often called the vascular 
cambium, to distinguish it from the cork 
cambium. 

The first layer of cork cambium is 
often a nearly continuous sheet extending 
all the way around the young stem. It pro- 
duces cork cells externally; internally it 
usually produces a tissue called the phel- 
loderm. The cork cambium resembles the 
vascular cambium to the extent that one of 
the cells formed in each division remains 
a cambial cell, whcreas the other cell, 
either internal or external to the cambium, 
loses its meristematic capacity and even- 
tually develops into a mature cell (or cells) 
of another type. The cork cells are gener- 
ally boxed-shaped and are charactcrized by 
the impregnation of their walls with a 
water-proofing substance called suberin. 
The cells are said to be suberized. The 
cork cells die on reaching maturity, and 
cork is a dead tissue. The cork layer formed 
by the eork cambium cuts off the water 


supply of all tissues external to it, and 
these tissues then die. 

As more secondary phloem continues 
to be formed by the vascular cambium, 
new layers of cork are produced by succes- 
sive phellogens which develop from the 
parenchyma of the secondary phloem, so 
that the live bark never becomes very 
thick. The dead bark increases in thickness 
as more and more live bark becomes dead 
bark, but this increase is eventually offset 
by the sloughing off of the outer layers of 
dead bark. The continued expansion of the 
stem causes the dead bark to split, and the 
pattern in which the bark splits and 
sloughs off is often characteristic of a par- 
ticular genus or species. 

The individual layers of phellogen, 
after the initial one, do not generally ex- 
tend all the way around the stem; instead 
they commonly form small scales or bands 
which are arranged in an overlapping pat- 
tern. In a cross section of the stem, the 


cork layers produced by thcse phellogens 
often appear as pale tangential lines in the 
dead bark. 


Roor 


The root system of conifers is usually 
derived from the primary root of the em- 
bryo, rather than being adventitious as in 
the ferns. Some conifers have a central tap- 
root which penetrates deep into the soil; 
others have a more shallow root system 
with several subequal large branches. 
Growth in length of the root is due to the 
activity of an apical meristem, which is 
covered by a rootcap. Branch roots origi- 
nate in the pericycle and push their way 
through the surrounding tissues into the 
soul. 

The stele of a conifer root is an exarch 
protostele with two to five protoxylem 
points, as seen in cross section, the number 
two being the common one in most genera 
except Pinus. As seen in cross section, the 
patches of primary xylem alternate with 
the patches of primary phloem, i.e. the 
strands of primary xylem and primary 
phloem are on alternate radii. ‘There is a 
well-developed endodermis, and a paren- 
chymatous pericycle usually several cells 
thick lies between the endodermis and the 
primary vascular tissues. ‘This general 
structure is the most characteristic form 
of the protostele, whether in roots or 
stems. The roots of all major groups of 
vascular plants (except the rhyniophytes 
and psilotophytes, which have no roots) 
are usually protostelic, but only some of 
the more primitive vascular plants have 
protostelic stems. 

Like the stem, the conifer root very 
often has resin ducts. The most common 
position of the resin ducts in the primary 
tissues is just external to the protoxylem 
ridges, but in Abies there is commonly a 
central resin duct in the metaxylem. The 
young root has a usually parenchymatous 
cortex and single layer of epidermis. Most 
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conifers are mycorhizal, with relatively 
few (or no) root hairs, the absorbing sur- 
face of the root being in effect provided 
by the fungus. 

Secondary tissues of the roots and 
stems are usually rather similar. 


LEAVES 


The leaves of conifers are always sim- 
ple and usually very narrow, although 
some of the genera which occur chiefly in 
the Southern Hemisphere, such as Agathis 
and Araucaria, have relatively broad leaves 
with numerous subparallel, dichotomously 
branched veins. Typically the leaves are 
from % inch to several inches long and 
less than 4% inch wide. Such leaves are 
called needles. In most junipers, and in the 
various other native American conifers 
which are called cedars, as well as in some 
other genera, the leaves of mature plants 
are reduced to small green scales appressed 
to the twigs and covering them. The 
leaves, regardless’ of their size, are asso- 
ciated with leaf gaps in the stele (but see 
pp. 400-401) and have been considered to 
be megaphylls. The leaf trace consists of 
one bundle in some families, two in others. 

Conifer leaves are typically alternate 
in a rather close spiral, less often opposite 
or whorled. In the larches, in the true 
cedar, and in some other genera, most of 
the leaves are borne on specialized, short 
spur shoots, although some of them are on 
the more elongate ordinary shoots. In 
Pinus these short spur shoots have become 
further specialized, and all the foliage 
leaves (except in seedlings) are borne on 
them. Each spur shoot of Pinus bears a 
bundle of one to five needles (Fig. 22.20). 
When there are two needles, they are 
attached opposite each other on the short 
axis, and when there are more than two 
needles they are whorled. The bundle is 
surrounded at the base by a bundle sheath 
consisting of several small leaves which are 
modified into thin, membranous scales 
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Fig. 22.20 Young needle cluster of Pinus laricio. 
The modified leaves which make up the bundle 
sheath are shown in black. (*9.) (From Cham- 
berlain, Gymnosperms, by permission of the 
University of Chicago Press.) 


wrapped around the spur shoot. The whole 
spur shoot with its attached needles is 
eventually deciduous. 

Conifers produce some new leaves 
every year, but the duration of the leaves 
varies with the genus and species. In Larix 
and Pseudolarix they die and fall off after 
a single season, and the tree is bare during 
the winter. In Taxodium the leafy twigs 
of the season fall off in the autumn, and 
the tree is also bare in the winter. In other 
conifers the leaves of one year persist at 
least until the leaves of the next year are 
fully developed, and the tree is evergreen. 
Sometimes the leaves live as long as 10-15 
years. 


Conifer leaves are generally firm, with 
small, thick-walled epidermal cells and a 
thick cuticle. The stomates are typically 
sunken and are often borne in definite 
longitudinal bands. A hypodermis, con- 
sisting of one to three layers of small, 
thick-walled cells, often lies just within the 
epidermis. Leaves of the needle and scale 
types have one or two central vascular 
bundles, and often (e.g., Pinus, Fig. 22.21) 
the bundle or the two bundles collectively 
are surrounded by a well-defined endo- 
dermis with characteristic Casparian strips. 
The tissue between the endodermis and 
the bundle or bundles consists of paren- 
chymatous or more or less lignified cells 
and is called transfusion tissue. The part 
of the needle between the epidermis (or 
hypodermis) and the endodermis (or vas- 
cular bundle) consists largely or wholly of 
chlorenchyma, often with one or more 
schizogenous resin ducts. In broad-leaved 
conifers the chlorenchyma tends to be dif- 
ferentiated into an upper palisade layer 
and a lower spongy layer, suggesting the 
anatomy of the leaves of flowering plants. 


CONES 


The reproductive structures of coni- 
fers are borne in unisexual cones (strobili). 
Most genera are monoecious, with both 
kinds of cones borne on the same tree, but 
Juniperus and some other genera are 
dioecious, with male and female cones 
borne on separate trees. 

The male cones are axillary or termi- 
nal on short branches. They generally ma- 
ture the spring following the one in which 
they are differentiated from the apical 
meristem of the growing shoot. They are 
usually about 1 cm long or less, ranging up 
to 10 cm or more in some species of 
Araucaria. The microsporophylls are at- 
tached directly to the central axis of the 
cone in a Close spiral or a serics of whorls. 
The microsporangia are bom on the lower 
(abaxial) surface of the microsporophyll, 
and range from 2 to about 15 in number, 





Fig. 22.22 Pinus resinosa; young cone, en- 
larged. The awl-shaped structure at the lower 
left is a cluster of young needles, not yet ex- 
panded. (Photo courtesy of J. Arthur Herrick.) 


2 being the most common number in the 
familiar genera of the Northern Hemis- 
phere. Development of the microsporan- 
gium follows in general the eusporangiate 
pattern, as described for the ferns. There 
is a well-developed tapetum which 1s dc- 


DIVISION PINOPHYTA: GYMNOSPERMS 409 






an lag ey 


; hy 3 
n E L LENE.. EZ wA E- 
pS PR A ANA SN 3 

AD x = & 


Fig. 22.21 Pinus strobus 
needles, in cross section. 
(Courtesy CCM: General Bio- 
logical, Inc., Chicago.) 





rived by differentiation of the inner cells 
of the jacket. The microsporangium con- 
tains numerous microspore mother cells, 
which undergo reduction division to pro- 
duce tetrads of microspores. The micro- 
spores have n chromosomes and are the 
first cells in the male gametophyte gener- 
ation. The most common n number in the 
conifers is 12. 

The female cone is generally a com- 
pound structure, the ovules being borne 
not on the primary appendages (the 
bracts) of the cone axis, but on outgrowths 
(the ovuliferous seales) from the axils of 
the bracts. The ovules are mostly on the 
upper (adaxial) side of the ovuliferous 
scale, usually two per scale. In Pinus (Fig. 
22.23) the bract is much shorter than the 
ovuliferous scale which it subtends, al- 
though it is readily visible when the cone 
has opened. In Pseudotsuga the bract 1s 
longer than the ovuliferous scale, but nar- 
rower and thinner. In Araucaria the bract 
is the principal cone scale, and the “ovulif- 


erous scale” of other conifers is reduced 
to a mere “ligule” on the upper surface of 


the bract. (Technically, the ligule is the 
free tip of the ovuliferous scale, the base 
of this scale being fused to the bract.) 
In Agathis the ligule is obsolete, and the 
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cone appears to be simple in structure like 
the male cones. The female cones of Juni- 
perus and some related genera are small 
and superficially berry-like, with only a few 
small cone scales and these much thick- 
ened, but the basic morphology is the same 
as in other conifers. 

The female cone of conifers is usu- 
ally interpreted as comparable to the 
whole cone cluster of the Cordaitales, with 
each small cordaitalean cone having been 





Fig. 22.23 Long section of 
young pine cone (left, X20); 
mature pine cone (right, 
x1), diagrammatic; o.s., 
ovuliferous scale; p.s., pri- 
mary scale; s., seed. 


reduced to a single ovuliferous scale in 
the axil of a bract. A number of fossils 
provide intermediate steps which bolster 
this interpretation. 

The conifer ovule (Fig. 22.24) is es- 
sentially similar to the cycad ovule, 
consisting of a megasporangium plus an 
enclosing tissue, the integument. The in- 
tegument fits closely around the megaspor- 
angium wall (the nucellus), except at the 
end opposite the stalk, and often these 


Fig. 22.24 Long section of 
young pine ovule, showing 
megaspore mother cell; 
micropyle and integuments 
ascending at the right. 
(Courtesy of TRIARCH IN- 
CORPORATED, George H. 
Conant, Ripon, Wis. 54971.) 


two tissues are fused toward the stalk end. 
At the end opposite the stalk, there is a 
cavity, the pollen chamber, between the 
nucellus and the integumcnt. The pollen 
chamber opens to the surface via a pass- 
ageway (the micropyle) through thc integ- 
ument. In several genera the ovule is more 
or less bent back on itself, so that the 
micropyle is fairly close to the stalk in- 
stead of at the opposite end from it. 

The megasporangium follows the gen- 
eral eusporangiate type of development. 
There is a multilayered tapetum and a 
single, large megaspore mother cell. The 
megaspore mother cell undergoes meiosis, 
usually forming a linear tetrad of mega- 
spores (Fig. 22.25). Sometimes one of the 
nuclei formed in the first division of the 
meiotic process fails to divide again, so 
that a row of three cells is formed instead 
of a row of four. Usually only one mega- 
spore is functional, and the others soon 
degenerate. The megaspore has n chromo- 
somes and is the first cell of the female 
gametophyte generation. 





Fig. 22.25 Linear tetrad of megaspores in Pinus 
laricio; only the lowest megaspore functional. 
(<1000.) (After Ferguson.) 
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POLLEN 


The microspore has a two-layered wall, 
the outer wall being called the exine, the 
inner the intine. Usually one or more 
nuclear divisions occur within the micro- 
spore wall before the young male gameto- 
phyte, now called the pollen grain, is shed 
from the microsporangium. In Pinus (Fig. 
22.26) and some other genera, the exine 
bulges away from the intine to form two 
large air sacs, increasing the volume of the 
grain without changing its weight, thus 
contributing to its buoyancy and facilitat- 
ing its distribution by the wind. All coni- 
fers are normally wind-pollinated, and 
some of them produce tremendous quanti- 
ties of pollen. 

The pollen grain of Pinus (Fig. 
22.27) has two small cells, the prothallial 
cells, at one side; a somewhat larger cell, 
the generative cell, lies next to the pro- 
thallial cells; and a still larger tube cell 
occupies the remainder of the space en- 
closed by the wall of the pollen grain. In 
some genera of fhe Southern Hemisphere, 
there are several prothallial cells, and in 
some other familiar genera, such as Juni- 
perus, Thuja, and Sequoia, there are no 
prothallial cells at all. In any case, the 


Fig. 22.26 Pine pollen, in cross section. (Cour- 
tesy CCM: General Biological, Inc., Chicago.) 
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prothallial cells, when present, soon de- 
generate, and they play no part in the 
further development of the gametophyte; 
they are mere evolutionary vestiges of the 
vegetative body of the gametophyte. 


FEMALE GAMETOPHYTE 


The megaspore in the ovule gives rise 
by a series of mitotic divisions to the fe- 
male gametophyte, which usually has sev- 
eral thousand cells. The tapetum of the 
ovule, sometimes called the spongy tissue 
(but not to be confused with the spongy 
tissue of angiosperm leaves) degenerates as 
the female gametophyte develops. There 
is always a free-nuclear stage in the early 
development of the female gametophyte, 
with the thin protoplast appressed to the 
well-defined megaspore wall, leaving a 
large central vacuole. Usually there are 
several hundred to a thousand or more 
nuclei before any walls are formed, and the 
developing cellular gametophyte gradually 
encroaches on the central cavity (the old 
central vacuole), eventually filling it. 

The archegonia, usually several in 
number, are borne at or near the nucellar 
end of the gametophyte (i.e. the end 
where the nucellus separates the gameto- 
phyte from the pollen chamber). Each 


Fig. 22.27 Pollen develop- 
ment in Pinus lfaricio; b.c., 
body cell; ex., exine; g.c., 
generative cell; in., intine; 
p.c, prothallial cell; s.c., 
stalk cell; t.n., tube nucleus. 
(x500.) (After Coulter & 
Chamberlain, Morphology of 
gymnosperms, 1910, courtesy 
of the University of Chicago 
Press.) 


archegonial initial gives rise to a single 
large egg, a ventral canal cell (or nueleus), 
and from 2 to 25 neck cells. Typically 
there are eight neck cells in two tiers of 
four. There is no neck canal cell. The 
well-defined jacket of the archegonium is 
derived by differentiation from ordinary 
vegetative cells of the gametophyte. 


POLLINATION AND FERTILIZATION 


When the ovule is ready for pollina- 
tion, some of the cells of the nucellus de- 
generate, forming a mucilaginous pollina- 
tion drop which reaches the orifice of the 
micropyle. Pollen grains which land on 
the pollination drop are drawn down into 
the pollen chamber as the drop dries up, 
and the pollen grain comes to rest on the 
nucellus. Germination of the pollen grain 
to form a pollen tube typically follows. In 
some species, pollen grains which come to 
rest on the ovuliferous scale not too far 
from the micropyle can germinate and 
function as well as if they were in the 
pollen chamber. 

The pollen tube is formed by an out- 
growth from the pollen grain on the side 
opposite the prothallial cells. The nucleus 
of the tube cell moves into the pollen tube 
and, if it has not already done so, the gen- 


tative cell divides, forming a stalk cell 
next to the prothallial cells) and a body 
ell. The body cell divides again, forming 
wo sperms which are released into the pol- 
en tube. The sperms do not have a well- 
lefined cell wall, and often their cyto- 
lasm, if any, cannot be distinguished 
‘rom that of the pollen tube. In any case 
hey have no cilia or flagella. 

The pollen tube continues to grow 
slowly through the nucellus, releasing di- 
estive enzymes into the surrounding tis- 
sue and causing it to degenerate. After a 
period of a few weeks to more than a 
year, the pollen tube reaches the female 
gametophyte. The tip of the tube becomes 
turgid and bursts, discharging the sperms 
and much of the rest of its contents into 
or next to the egg. Fusion of a sperm and 
an egg constitutes fertilization. The fertil- 
ized egg has 2n chromosomes and is the 
first cell in the sporophyte generation. 


SEEDS AND SEEDLINGS 


The fertilized egg gives rise to the 
embryo of the seed by a series of mitotic 
divisions. Usually there is a brief free- 
nuclear stage, with 4 to 64 nuclei being 
produced before any walls are formed. 

The developing embryo has an elon- 
gate and usually coiled suspensor which 
pushes it deeper into the body of the female 
gametophyte. Later the suspensor tends 
to degenerate, commonly forming a mere 
small cap over the radicle of the embryo. 
In addition to the suspensor, the mature 
embryo consists of the radicle, the hypo- 
cotyl, the cotyledons, and the plumule 
(epicotyl). The radicle is the embryonic 
root. The hypocotyl is the transition re- 
gion, just beneath the cotyledons, between 
the stem and the root. The cotyledons 
are embryonic leaves, and the epicotyl is 
the embryonic shoot. Most conifers have 
several cotyledons, but some have only 
two or three. 

Conifer sceds very often have more 
than one embryo, although usually only 
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one is fully developed. In some genera this 
condition of polyembryony is due to the 
fertilization and subsequent development 
of more than one egg; in others the two 
cells formed in the first division of the 
fertilized egg separate and develop inde- 
pendently into embryos. The two types of 
polyembryony might be compared to fra- 
ternal and identical twinning in human 
beings. 

The mature embryo is embedded in 
the body of the female gametophyte, 
which is the principal food-storage tissue 
of the seed. The nucellus tends to degen- 
erate as the seed ripens, but a vestige of 
it is often visible as a cap over the micro- 
pylar end of the gametophyte. The seed 
coat, developed from the integument of 
the ovule, is usually dry and firm and 
often extends out into a thin wing at one 
end of the seed, facilitating wind dispersal. 

Conifer seeds are eaten by birds, 
squirrels, and other animals. The seeds of 
the pifion pine (Pinus edulis and related 
species) of the southwestern United States 
and northern Mexico are quite palatable; 
they are used for food by American Indi- 
ans and can often be bought locally as 
“pine nuts.” Some Old World species also 
have relatively large, palatable seeds. 

The seeds of some conifers are shed 
as soon as they are ripe, and are ready to 
germinate immediately. Others require a 
rest period of weeks, months, or even 
years. The cones of some species, such as 
Pinus contorta (lodgepole pine) of the 
western United States and Canada, and 
P. banksiana (jack pine), its eastern coun- 
terpart, commonly remain on the tree for 
several or many years, Opening only very 
slowly. After a forest fire, the cones re- 
lease their seeds, and even-aged stands of 
these species usually indicate a previous 
fire. 

The radicle of a germinating conifer 
seed elongates and pushes through the 
seed coat to form the primary root of the 
seedling, after which the hypocotyl elon- 
gates, carrying the seed coat, cotyledons, 
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epicotyl, and the remains of the female 
gametophyte up into the air. The tips of 
the cotyledons remain enclosed within the 
sced coat for some time before it is pushed 
off. The cotyledons are generally green 
and much like ordinary small needles. The 
first true leaves (after the cotyledons) of 
all the needle-leaved and scale-leaved spe- 
cies have the needle form and are borne 
separately on the main shoot axis, regard- 
less of their form and position in mature 
trees. è 


FossILS 


The conifers are well represented as 
fossils from the Upper Carboniferous to 
the present. The Paleozoic conifer fossils, 





Fig. 22.28 Life cycle of 
Pinus; a., archegonium; b, 
bract (primary scale); eœ., 
embryo, f.c., female cone; 
f.g, female gametophyte; 
m., micropyle; m.c., male 
cone; ms., microsporophyll; 
o.s., ovuliferous scale; p., 
pollen grain; s.c., seed coat; 
sl., seedling. 


such as Lebachia, are vegetatively much 
like the modern forms, but their cones are 
intermediate to the cordaitalean type. Ex- 
cept in the structure of the female cones, 
the Araucariaceae are among the most 
primitive modern conifers, and fossil wood 
(Araucarioxylon) resembling that of Arau- 
caria, from rocks of Mesozoic and more 
recent age, is very similar to that of the 
Paleozoic Cordaitales. 

One of the common Cretaceous and 
Tertiary fossils of the Northern Hemi- 
sphere is Metasequoia (Fig. 22.29), a rel- 
ative of Sequoia, Sequoiadendron, and 
Taxodium (bald cypress). A modern 
Metasequoia, later named Metasequoia 
glyptostroboides, was discovered in south- 
western China in 1941, and seeds were 


3 ae 
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distributed to a number of botanical 
centers throughout the world. The trees, 
which are deciduous in the manner of 
Taxodium, are now being offered by some 
commercial nurseries in the U.S.A. 


TAXALES 


The Taxales differ from the Conifer- 
ales in having a well-developed fleshy cov- 
ering surrounding the individual seeds, 
which are terminal or subterminal on short 
axillary shoots instead of being in definite 
cones. The ontogeny of the fleshy cover- 
ing varies in different members of the 
order, but in any case it does not involve 
the integument. Taxus (yew) (Figs. 22.30, 
22.31), with needle leaves much like those 
of many conifers, is the most familiar 
genus of the Northern Hemisphere. Podo- 
carpus (plum yew), with the leaves often 
somewhat broader, and with the stalk 








DIVISION PINOPHYTA: GYMNOSPERMS 415 


Fig. 22.29 Fossil cone and 
leafy twig of Metasequoia 
occidentalis, from Oligocene 
deposits in Montana. (Cour- 
tesy of Herman F. Becker.) 


enlarged into a fleshy receptacle just be- 
neath the seed, is a large and widely dis- 
tributed genus of the Southern Hemi- 
sphere. The structures associated with the 
ovule of Podocarpus can, with some difh- 
culty, be interpreted as representing a 
reduced and highly modified cone. The 
Podocarpaceae are in this respect some- 
what intermediate between the true coni- 
fers and the Taxaceae, in which latter the 
ovule is strictly terminal on a short axillary 
shoot that would not in any sense be con- 
sidered a cone. Botanists are not agreed 
as to whether the Podocarpaceae should 
be included in the Taxales or the Conifer- 
ales. 

Fossils probably allied to Podocarpus 
are known from the Jurassic period to the 
present. Pre-Tertiary fossils referable to the 
Taxaceae are very few; Taxus jurassica, 
from Jurassic rocks in England, appears to 
be a true Taxus, and Palaeotaxus rediviva, 
from Upper Triassic deposits in Sweden, 


Fig. 22.30 Yew, Taxus bac- 
cata; a branch with berry- 
like seeds. (About half 
natural size.) (New York 
Botanical Garden photo.) 
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Fig. 22.31 Yew, Taxus baccata; young ovules in 
long section; b., bract; f., tissue from which the 
fleshy covering of the mature seed develops; i., 
integument; m., micropyle. (Left, X20; right, 
X15.) (After Hagerup.) 


is an evidently related form that also re- 
calls the Cordaitales in some respects. 


GINKGOALES 


Ginkgo biloba (Fig. 22.32), the maid- 
enhair tree, is the sole modern representa- 





in cultivation in New York City. (New York 
Botanical Garden photo.) 


tive of a group which is well represented 
in the fossil record from as far back as 
the Permian period. The species became 
known to Western civilization through its 
cultivation about Buddhist monasteries in 
China, and it is doubtful that it now 
exists at all in a truly wild state. 
Ginkgo is a medium-sized tree with 
more or less excurrent branching, although 
a few of its branches are often much 
larger than others. The stem and root are 
anatomically much like those of conifers, 
but the wood has mucilage cavities instead 
of resin ducts. Most of the leaves are borne 
on short spur shoots, although some are 
on the ordinary long shoots as well. The 
leaves, which fall off in the autumn, are 
fan-shaped, usually more or less notched 
or bifid at the tip, and commonly 2-3 
inches long. The veins are dichotomously 
branched and free (without cross connec- 
tions). There is a vague resemblance be- 
tween the leaves of Ginkgo and the leaf- 
lets of the maidenhair fern (Adiantum), 


-© whence the name maidcnhair tree. 


The ovules are borne in pairs at the 
ends of slender stalks on a short spur 
shoot, but often one of the ovules aborts. 
The leaves of the spur shoots, especially 
the fertile spur shoots, tend to be less 
strongly notched than other leaves, or they 
lack the notch entirely. The ovule is seated 
on a well-defined collar at the end of the 
stalk, and some botanists have interpreted 
this collar as a reduced and modified sporo- 
phyll. There is only one integument, but, 
as the seed ripens, this becomes differen- 
tiated into a fleshy outer layer, a stony 
middle layer, and an inner layer that is at 
first fleshy but eventually dry and papery. 

Ginkgo is dioecious, with male cones 
much like those of conifers. The exine of 
the pollen grain has a large opening at the 
side opposite the prothallial cells, and the 
intine bulges out through this opening to 
form a pollen tube. The pollen tube grows 
into the nucellus, but, like that of the 
cycads, it acts solely as a haustorium. The 
pollen-grain end of the gametophyte slowly 


digests its way through the nucellus, as in 
the cycads, and eventually discharges the 
sperms into the archegonial ehamber at 
the tip of the female gametophyte. The 
sperms, like those of cycads, have a spiral 
band of flagella (or cilia) at one end. The 
flagella have no present functional sig- 
nificance but are an evolutionary vestige 
from the pteridophyte ancestry in which 
the sperms swam from the antheridium to 
the archegonium. 

The seeds (Fig. 22.33) at full matur- 
ity smell like some of the riper varieties of 
cheese, and the male tree is therefore pre- 
ferred in cultivation. The “meat” of the 
seed, consisting mainly of the female 
gametophyte, is esteemed as a delicacy in 
the Onient. 

The similarities between Ginkgo and 
the cycads in sperms and male gameto- 
phytes are believed to reflect a comparable 
degree of evolutionary progress, rathcr than 
a very close relationship. In other respects 
the maidenhair tree is much more like the 
conifcrophytes, but it may not have a com- 
mon ancestry with either group short of 
the progymnosperms. 





Fig. 22.33 Maidenhair tree, Ginkgo biloba. Left, seedling, with deeply cleft leaves; 
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Fossils related to the maidenhair tree 
show a complete transition between the 
shallowly bilobed leaf of the modern spe- 
cies and leaves which are palmately to sub- 
dichotomously dissected into narrow seg- 
ments, with the more dissected types being 
progressively more prevalent in the older 
rocks. Even the modern Ginkgo often 
shows very deeply cleft Icaves on seed- 
lings (Fig. 22.33) and on vigorous young 
shoots. Undoubted relatives of the modern 
Ginkgo are known from as far back as 
the Permian period. Some specimens from 
Carboniferous and even Late Devonian 
rocks are probably also of this affinity. The 
Devonian material, called Ginkgophyton, 
is presumably progymnospermous, but 
some of the Carboniferous fossils referred 
to Ginkgophyton may have been true secd 
plants. 


ECONOMIC IMPORTANCE 


The Pinicae, particularly the conifers 
(Pinales), are highly important to modern 
society, although perhaps not essential. 





right, mature branch with a pair of naked, fleshy seeds at the end of a stalk. (New 


York Botanical Garden photos.) 
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They are the principal source of lumber 
for a wide variety of uses, from matches to 
construction timbers, and from shingles 
and siding to boxes and cedar chests. The 
western American species Pseudotsuga 
menziesii, the Douglas fir, is one of the 
most important timber trees in the world. 
Many specics of Pinus are extensively 
logged, and various kinds of Abies, Larix, 
Picea, Thuja, and Tsuga, among others, 
are also much used for lumber in North 
America. In the Southern Hemisphere 
Agathis and Araucaria are similarly im- 
portant. 

Wood pulp for use in making papcr is 
obtained from conifers as well as from 
some angiosperm trees, such as aspen and 
birch. ‘Tremendous quantities of the rather 
small trees that make up the boreal spruce- 
fir forests are used in the production of 
newsprint. The smaller pines of south- 
eastern United States are also coming into 
prominence for this purpose, now that a 
satisfactory process has becn devised to 
remove the resin from the pulp and per- 
mit the production of a white paper. Much 
of the pulp used in the manufacture of 
rayon is obtained from spruce wood. 


Crude turpentine is a mixture of resins 
obtained from certain pines and some 
other conifers. The tree is tapped by 
slicing into the bark, and the liquid exu- 
date is collected in a cup attached to the 
tree. The mixture gradually solidifies when 
exposed to air. On distillation it yields oil 
of turpentine and a hard, amber-colored 
resin called rosin. Oil of turpentine is the 
principal solvent for most paints and 
varnishes and has some minor medical 
uses related to its stimulant, astringent, 
antispasmodic, and diuretic properties. 
Rosin is an ingredient of varnishes, paints, 
soaps, and a variety of other products; it 
is used on bowstrings and baseballs to 
increase surface friction, and in paper to 
impart gloss and water resistance. In the 
days of sailing ships, crude turpentine was 


extensively used in calking and waterproof- 
ing, and turpentine products are still 
known as naval stores. In the United 
States, the southeastern species Pinus 
palustris (longleaf pine), P. caribaea 
(slash pine) and P. taeda (loblolly pine) 
are the principal sources of crude turpen- 
tine. 

Canada balsam, a resin obtained from 
Abies balsamea (balsam fir), has refractive 
properties similar to glass. It is used to 
join the lenses of optical instruments and 
as a combined mounting medium and seal 
for microseope slides. 

Most of the ornamental evergreen 
trees and shrubs planted in the United 
States belong to the Pinales. Various 
species of Pinus, Picea, Abies, Tsuga, 
Thuja, Juniperus, Chamaecyparis, and 
Taxus, among others, are familiar sights 
around homes throughout most of the 


United States, and well-formed individuals 
of Ginkgo biloba are among the most 


beautiful of all specimen trees. 


RELATIONSHIPS 


The gymnosperms evidently originated 
in Late Devonian and early Lower Car- 
boniferous time from heterosporous, eus- 
porangiate ferns that had not advanced 
much beyond the rhyniophyte state—the 
group treated in Chapter 21 as the order 
Archaeopteridales. Although there are still 
some significant gaps in the fossil record, it 
now begins to be clear that the Archae- 
opteridales (the progymnosperms) gave 
rise to several related groups of seed plants 
which we find useful to consider collect- 
ively as gymnosperms, the division Pin- 
ophyta. 

A possibly helpful oversimplification 
is to say that the Devonian genus Aneur- 
ophyton was the most primitive type of 
progymnosperm—more or less arborescent, 
with some secondary growth, and with 


complex branch systems beginning to be 
differcntiated as leavcs. It was hetero- 
sporous, with sporangia individually term- 
inating clustered, telome-like branchlets. 
From something like Aneurophyton came 
three other important genera of progymno- 
sperms—Calamopitys, Ginkgophyton, and 
Archaeopteris, all still in the Late Devon- 
ian period. Calamopitys was a way-station 
en route to the pteridosperms, Ginkgo- 
phyton was the probable progenitor of the 
Ginkgoopsida, and Archaeopteris was the 
probable progenitor of the cordaite-conifer 
line. At least one of these groups (possibly 
Archaeopteris) had given rise to seed 
plants before the end of the Devonian 
period, as shown by the Upper Devonian 
fossil seed, Archaeosperma (Fig. 22.34). 
By Lower Carboniferous time all these 
progymnospermous groups had given rise 
to seed plants. 

It is noteworthy that there was prob- 
ably no original gymnosperm, from which 
all other gymnosperms were derived. The 
Pinopsida, Ginkgoopsida, and Cycadicae 
probably do not have a common ancestor 
short of the Archaeopteridales. The seed 
habit evidently originated in parallel fash- 
ion in several closely related kinds of plants 
which exploited similar evolutionary po- 
tentialities. The significance of this type of 
phyletic progression is discussed in Chapter 


We have noted that ordinary seed 
plants differ from vascular cryptogams in a 
syndrome of features relating to the reten- 
tion of the female gametophyte on the 
parent sporophyte until after the male 
gametophyte has been bodily transferred 
to it. One of the elements of this syndrome 
is the development of an integument 
which encloses the megasporangium, leav- 
ing only a small opening at the tip. Fossil 
connecting forms indicate that this integu- 
ment originated (phyletically) by fusion 
of adjacent telomes into a cup surrounding 
the megasporangium. Probably ciar 
these telomes was originally terminated by 
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a sporangium. In the process of evolution 
the marginal telomes of the group were 
sterilized (i.e. their terminal sporangia 
were suppressed) and joined by their mar- 
gins to form the integument. The integu- 
ment is thus said to be syntelomic in 
origin, being derived from fused telomes. 

There was, furthermore, a second 
round to the process of condensation and 
fusion, with a syntelomic cupule being 
formed around a cluster of seeds. Many 
pteridosperms, in particular, have a more 
or less well-developed cupule collectively 
subtending several seeds. It is easy to 
speculate that seeds with two integuments 
could originate by reducing the number of 
sceds in a cupule to one, and then joining 
the cupule to the seed as the second 
(outer) integument. The angiosperms and 
one group of gymnosperms (the Gneticae) 
do indeed have seeds with two integu- 
ments, but the possible origin of the 
second integument from the cupule is still 
speculative, since it is unsupported by fossil 
connecting forms. 

As noted in Chapter 19, some of the 
fossil lycopods produced seeds, in the sense 
that the female gametophyte completed its 
development whilc still attached to the 
sporophyte. These lycopod seeds, such as 
Miadesmia, apparently did not have the 
syntelomic type of integument that char- 
acterizes seeds of the Pinophyta. The seeds 
in thc two groups are of wholly indcpend- 
ent origin. 

Within the Pinopsida, the Pinales are 
evidently derived from the Cordaitales, as 
shown by their similarities in so many 
respects and by fossils which tend to bridge 
the differences between them. The Taxales 
are also derived from the Cordaitales, 
either directly or conceivably through the 
Pinales, although here the fossil record 1s 
not yet decisive. The fleshy seeds of the 
Taxales do not indicate any relationship to 
the Ginkgoales, inasmuch as the ontogeny 
of the fleshy covering is quite different in 
the two groups. 
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Fig. 22.35 Ephedra viridis in Arizona (Photo courtesy of J. Arthur Herrick ) 
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Fig. 22.36 Ephedra viridis Left, twigs with female cones. (Courtesy CCM: General 


Biological, Inc., Chicago.) Right, long section of ovule; a., archegonium, f.g, female 
gametophyte; í., inner integument; m., micropyle; o1, outer integument (25). 
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Gneticae 


The Gneticae are a taxonomically iso- 
lated group of gymnosperms, of doubtful 
relationships. There are three genera, 
Gnetum, Ephedra, and Welwitschia. All 
three have often in the past been referred 
to a single order, the Gnetales, but the dif- 
ferences among them are so striking that 
most present-day students of the group 
prefer to place each genus in an order of 
its own. 

The three orders of the Gneticae—the 
Gnetales, Ephedrales, and Welwitschiales 
—have a number of technical features in 
common. They have vessels in the second- 
ary wood; the cones of both sexes are com- 
pound; the ovules have two integuments, 
with at least the inner integument forming 
a very long micropylar tube; the leaves are 
opposite; the embryo has two cotyledons; 
and there are no resin canals. The xylem 
vessels and the compound male cones are 
not found in any other gymnosperms; the 
other characters mentioned (except the 
compound female eones) are more or less 
uncommon among other gymnosperms, 
but not unique. The presence of the 
second integument on the ovule has caused 
some botanists to name the group Chlamy- 
dospermae (from Greek chlamys, a cloak 
or mantle). 

Gnetum and Welwitschia further dif- 
fer from all other gymnosperms in the 
absence of an archegonium. In Welwitschia 
a specialized cell which is probably homol- 
ogous with an archegonial initial functions 
directly as an egg. In Gnetum fertiliza- 
tion takes place while the female game- 
tophyte is still in the free-nuclear condi- 
tion, with one or more of the nuclei 
becoming associated with some differen- 
tiated cytoplasm and functioning as eggs. 

Gnetum, Ephedra, and Welwitschia 
are so different in appearance that no rela- 
tionship among them would at first be 
suspected. Gnetum (Fig. 22.37) is a woody 
vine, or sometimes a tree or shrub, with 
oval, entire, net-veined leaves—altogether 


like an angiosperm in general appearance. 
There are about 35 species, all tropical. 
Ephedra (Vig. 22.35), the source of the 
drug ephedrine, is a freely branched, low 
shrub with reduced, scale-like leaves and 
photosynthetic stems. There are about 35 
species, mostly of arid regions such as the 
southwestern United States. The American 
species are often callcd Mormon tea or 
Brigham tea, reflecting an early use of the 
plant in beverages. 





i 
Ss 





Fig. 22.37 Gnetum gnemon; seedling at the 
University of Chicago. (Courtesy of the Field 
Museum of Natural History.) 


Welwitschia (Fig. 22.38) is one of the 
most bizarre plants in the world. The 
single species, W. mirabilis, is confined to 
deserts in southwest Africa. The plant has 
a very short, unbranched, woody main 
stem, sometimes as much as 4 feet thick, 
which is cushion-shaped or saucer-shaped 
and tapers rapidly to a very long taproot. 
There are only two leaves (after the 
cotyledons), and these persist throughout 
the life of the plant—perhaps 100 years. 
They are broadly strap-shaped, as wide as 


Fig. 22.38 Welwitschia mirabilis; fairly young pl 
the Berlin Botanical Garden. 
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the stem, sessile, firm, and leathery, but 
they split readily between the parallel 
veins, becoming disheveled in age. The 
leaf is permanently meristematic at the 
base, dying away progressively from the 
tip, so that it seldom gets to be more than 
about 2 m long. The cones are borne on 
numerous slender, branching shoots that 
arise from the stem just above (centripetal 
to) the leaves. 

The relationships of the Gneticae 
have provoked a great deal of botanical 
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investigation and eontroversy. They were 
at one time thought to be more or 
less directly ancestral to the angiosperms, 
but that idea has been generally aban- 
doned. The ontogeny of the vessels is 
different from that of angiosperm vessels, 
and, in spite of the absence of archegonia 
in Gnetum and Welwitschia, the re- 
productive structures are difhcult to homol- 
ogize with those of angiosperms. In their 
simple leaves, well-developed secondary 
growth, and compound female cones, they 
are suggestive of the Pinales, but they do 
not seem to be closely allied to any modern 
member of that ordcr. The male and 
female cones of Ephedra have been con- 
sidered to be homologous with the cone 
clusters of the Cordaitales, and the same 
interpretation might perhaps be extended 
to the somewhat different cones of Wel- 
witschia and Gnetum. The Gneticae are 
evidently gymnosperms, and botanists are 
agreed that they must have originated 
either from the Pinicae (possibly the Cor- 
daitales) or from the Cycadicae (possiblv 
the Bennettitales). ‘There is no significant 


fossil record, and opinion is still divided as 
to which is the more likely relationship. 
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iodendron tulipifera, a native of eastern United States. (About natural 
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MAGNOLIOPHYTA: Vascular plants with roots, stems, and leaves, the 
central cylinder with leaf gaps or with scattered vascular bundles; ovules 
enclosed in an ovary; female gametophyte reduced to a few-nucleate 
embryo sac without an archegonium; male gametophyte producing two 
naked sperms, one of which fuses with the egg to form the zygote, the 
other of which fuses with two nuclei (or the product of fusion of two 
nuclei) of the embryo sac to form a triple-fusion nucleus that is typically 
the forerunner of the endosperm of the seed. Two classes, the 
Magnoliopsida (dicotyledons), and Liliopsida (monocotyledons). 


INTRODUCTION TO ANGIOSPERMS 


The Magnoliophyta, commonly called 
the angiosperms or flowering plants, are 
the most complex as well as the most fa- 
miliar of all plants. The name angiosperm 
(from Greek angeion, vessel, and sperma, 
seed) refers to the fact that the young 
seeds are enclosed within a special struc- 
ture, the ovary, instead of being exposed 
directly to the air, as in gymnosperms 
(from Greek gymnos, naked, and sperma, 
seed). The divisional name Anthophyta 
(Greek anthos, flower, and phyta, plants) 
has sometimes been used for the Magnolio- 
phyta, in reference to the characteristic 
flowers which are associated with seed pro- 
duction. In its strictest sense, the term 
flower applies only to structures of angio- 
sperms, although it is sometimes loosely 
used to cover analogous or otherwise more 
or less similar structures in other plants. 
Many angiosperms have large and showy 
flowers, but in others the flowers are 
small and inconspicuous. All the garden 
flowers and crops, the familiar broad-leaved 
trees and shrubs, the cereal grains and other 
grasses, and the ordinary garden and road- 
side weeds are angiosperms. | 

The two classes of angiosperms, the 
Magnoliopsida and Liliopsida, have often 
been called Dicotyledonae and Monocot- 
yledonae, respectively, in rcfcrence to the 
seed structure as noted below. The English 
names dicotyledons and monocotyledons, 
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or simply dicots and monocots, are well 
established in informal usage. ‘The two 
groups usually differ in several respects, but 
no one of the differences is absolutely con- 
stant. The most consistent single differ- 
ence 1s the one suggested by the names: in 
dicotyledons the embryo of the seed has 
two cotyledons (seed leaves), whereas in 
monocotyledons it has only one. The two 
classes are contrasted in Chapter 34, fol- 
lowing the study of the structure and life 
cycle of angiosperms. Most of the char- 
acteristic features of the monocots are evo- 
lutionary modifications from the condition 
in dicots. 

Because the angiosperms are the most 
common and familiar plants, botanical ter- 
minology tends to center around them. 
Many terms and concepts developed for 
the angiosperms are equally applicable to 
at least some other divisions of plants, 
especially to the other vascular plants (i.e., 
plants with a well-developed conducting 
system); but often the structures of plants 
in these other groups differ from those of 
angiosperms, and it is sometimes difficult 
to decide just how far the terms should be 
stretched. 

In angiosperms and nearly all other 
vascular plants, the vegetative plant body, 
which has 2n chromosomes, customarily 
consists of three general kinds of parts, 
called roots, stems, and leaves. These may 
be considered the primary organs of the 
plant; other kinds of organs are modi- 
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Fig. 23.1 Diagram of the structure of a typical 
dicot. (Adapted from Sachs.) | 


fications or appendages of these three. 
Roots are typically the organs which an- 
chor the plant in the soil and absorb water 
and minerals. The leaves, which are typ- 
ically thin and flat, are usually the prin- 
cipal photosynthetic organs of the plant, 
although the stems are often also photo- 
synthetic. The stems, which are typically 
cylindrical and usually branched, dis- 
play the leaves and the flowers and even- 
tually the seeds. The stem and leaves ate 
collectively called the shoot. Roots, stems, 
and leaves often have additional or differ- 
ent functions from those just listed, and 
they are sometimes so highly modified as 
to be recognizable only with difhculty. 
Sometimes one or another of these three 
basic organs is entirely absent. For exam- 
ple, the aquatic flowering plant bladder- 
wort (Utricularia) lacks roots, and 


Wolffia, a highly reduced floating aquatic, 
lacks both roots and leaves. 

Angiosperms differ greatly in length of 
life. Plants which live only a single year 
are called annuals; plants which live two 
years are called biennials; and plants which 
live three or more years are called peren- 
nials. Typical annuals, such as corn and 
petunias, complete their life cycle in a 
single growing season; they come up from 
seed in the spring, mature within a few 
months or even weeks, and die. Winter an- 
nuals, such as winter wheat, come up in the 
fall and set seed the following year, but 
still complete their life cycle in less than 
12 months. 

Biennials usually do not flower the 
first year; during the second year they 
flower, set seed, and die. Often they grow 
vigorously the first year, storing food in 
the roots or elsewhere, and then draw on 
this reserve the following year, when seeds 
are produced. Carrots, parsnips, and 
turnips are familiar biennials with fleshy 
storage roots. ` 

Perennials usually do not flower dur- 
ing the first year or so, but thereafter they 
commonly flower repeatedly, year after 
year. Some perennials, on the other hand, 
flower only once and then die. The cen- 
tury plant (Agave americana and related 
species), which commonly reaches an age 
of 10-25 years, is a notable example. 
Plants which characteristically flower only 
once are said to be monocarpic. The term 
is applicable to annuals and biennials, as 
well as to perennials which flower only 
once, but it is more often used in speak- 
ing of perennials. 


TISSUES 


INTRODUCTION 


Angiosperms are multicellular plants, 
generally with several different kinds of 
cells, which are organized into groups 
called tissues. The cells of any one tissue 
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have a common origin and function. Tis- 
sues in which all the cells are essentially 
alike are called simple tissues. ‘Tissues in 
which different kinds of cells contribute to 
a common function are called complex 
tissues. Any group of tissues which collec- 
tively form an externally differentiated 
body is called an organ. The primary organs 
of the vegetative body of an angiosperm 
are, as noted above, the roots, stems, and 
leaves. 

Some kinds of tissues occur in all three 
kinds of organs; others are usually more 
restricted. Such tissues as parenchyma, col- 
lenchyma, and sclerenchmya are defined 
largely by the nature of the cells of which 
they are composed; often these simple tis- 
sues are parts of complex tissues that con- 
tain several kinds of cells. Parenchyma, 
collenchyma, and sclerenchyma cells some- 
times also occur singly in complex tissues 
of other types. 

Tissues such as cortex, pericycle, and 
pith are defined by their position, regard- 
less of the types of cells of which they are 
composed. These tissues are discussed in 
later chapters. Several tissues have both a 
characteristic position, or positions, and a 
characteristic structure. The most notable 
of these are epidermis, endodermis, 
meristem, xylem, phloem, and cork. 


PARENCHYMA 


Most tissues are specialized for one 
or another function, or sometimes two or 
more functions, the cells having a charac- 
teristic form and structure according to 
their function. Tissues composed of rela- 
tively unspecialized cells are called paren- 
chyma. The wall of a parenchyma cell is 
usually thin, without a secondary layer, 
and is usually composed largely of cellulose 
and pectic compounds. The cell is living 
when functional and generally has a wcll- 
developed central vacuole. Parcnchyma 
cells vary in shape, but thcy are seldom 
much elongate; often they are more or less 
isodiametric, although this tends to over- 


state the case. Adjacent cells are usually in 
contact over only parts of their surface, 
leaving large or small intercellular spaces. 

Closely packed parenchyma cells are 
generally polyhedral, with a number of 
flat surfaces. Ideally, they have 14 surfaces, 
with 8 hexagonal and 6 square faces, but 
this form, called the orthic tetrakaideca- 
hedron (Fig. 23.2) is seldom precisely re- 
alized. Experiments with bubbles and com- 
pressed shot by the American botanist 
Edwin B. Matzke (1902-1969) and his 
students indicate that, under conditions of 
mutual pressure, the orthic tetrakaideca- 
hedron is the most economical shape, with 
the lowest surface-volume ratio, if no 1n- 
terspaces are to be left among bodies 
which in the absence of pressure would 
be spherical and of equal size. 

Parenchymatous tissues (Fig. 23.3) 
gcnerally occur in all organs of a plant, and 
they carry on a variety of functions. The 
name itself (from Greek para, beside, and 
en + chein, to pour in) reflects the ancient 
concept of parenchyma as something 
which is figuratively poured around the 
other, more specialized tissucs in the vari- 
ous organs. Morphologically, physiolog- 
ically, and phylogenetically, parenchyma is 
the basic or fundamental type of tissue, 
and the other types may be considered as 
modifications of it. Often it is difficult to 
decide whether some slightly specialized or 
modified tissue should be called par- 
enchyma or not, and sometimes the term 
is used with a qualification, as for example, 
“thick-walled parenchyma.” 





Fig. 23.2 Left, an orthic tetrakaidecahedron, the 
theoretically ideal shape of parenchyma cells. 
Right, an actual parenchyma cell from a dicot 
stem, showing an approach to the orthic tetra- 
kaidecahedron. (After Matzke.) 
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Fig. 23.3 Some types of tissues, showing only 
the cell walls or cell outline, without contents. 
A, parenchyma; B-D, epidermis; E, F, collen- 
chyma. 


Parenchyma cells often have chloro- 
plasts, and most photosynthetic tissues are 
parenchymatous. Sometimes it is useful to 
distinguish chlorophyllous parenchyma 
under the name chlorenchyma. ‘Tissue 
which differs from ordinary parenchyma 
only in that the cells are much elongate 
is often called plectenchyma. 


CoLLENCHYMA 


Collenchyma (Fig. 23.3) is a living 
tissue composed of more or less elongate 
cells with thick primary walls that consist 
largely of cellulose, along with the usual 
pectic compounds. The protoplast has a 
well-developed central vacuole, and the 
cytoplasm often contains chloroplasts. ‘The 
cells are typically prismatic, but the morc 
elongate types, which are somctimes as 
much as 2 mm long, taper at the ends. 
The thickening of the wall is usually un- 
equally distributed, often chiefly in the 
angles of the cell. Collenchyma may or 
may not contain intercellular spaces. 


When it does, the walls adjoining the in- 
tercellular spaces are frequently the thick- 
est. The term collenchyma (from Greek 
kolla, glue) refers to the characteristically 
glistening wall. 

The principal function of collenchyma 
is mechanical strengthening. It is usually 
the first supporting tissue in young stems 
and leaves and is important in many ma- 
ture ones as well. It is much less often 
found in roots. The cells combine consid- 
erable tensile strength with flexibility, and 
they can continue to grow after the wall 
has thickened; they are, therefore, ideally 
adapted to the support of growing organs. 


SCLERENCHYMA 


Sclerenchyma (from Greek skleros, 
hard) is a tissue composed of thick-walled 
cells whose sole or principal function is 
mechanical strengthening. The cells have 
a definite secondary wall that is often 
lignified, and they cemmonly lack living 
contents at maturity. In both these respects 
sclerenchyma differs from collenchyma, an- 
other strengthening tissue. Sclerenchyma is 
distinguished from xylem (a complex 
tissue composed largely of thick-walled, 
lignified, dead cells) by its function and 
position. Xylem is important in the con- 
duction of water and minerals as well 
as in mechanical support, whereas scleren- 
chyma has no eonducting function. 

Sclerenchyma cells (Fig. 23.4) vary 
greatly in size and shape. Long slender ones 
are called fibers, a term also applied to 
long slendcr xylem cells. (Xylem fibers 
might, in fact, be considered as sclcren- 
chyma cells, although the term is seldom 
so applied.) Short or irregular scleren- 
chyma cells are called sclereids, although 
there is no sharp distinction between 
the two types. Sclereids are some- 
times also called stone cells. Sclereids of 
unusual shape which occur singly among 
cells of more ordinary type are often called 
idioblasts. Sclereids often occur as scat- 
tered cells in otherwise parenchymatous 
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tissucs, but fibers nearly always occur in 
organized groups. Collenchymatous or 
parenchymatous tissues sometimes become 
sclerenchymatous in age; i.e., they develop 
secondary walls and thereafter tend to lose 
their protoplasts. 


EPIDERMIS 


Epidermis (Fig. 23.3) is the charac- 
teristic outermost tissue of leaves and of 
young roots and stems. In older roots and 
stems, especially of woody plants, the epi- 
dermis 1s often replaced by othcr tissues. 
Epidermis consists of cells which fit closely 
together, nearly or quite without intercel- 
lular spaces, except for the special type of 
intercellular space called the stomate. 
Stomates are found in the epidermis of 
most stems and leaves, but usually not in 
roots. Epidermal cells vary in shape, but 
the inner surface is usually flat, and the 
outer surface flat or bulged. ‘The depth of 


Fig. 23.4 Some types of 
cells. A-C, sclerenchyma 
cells, with the walls stip- 
pled: A, fibers; B, stone 
cells; C, an idioblast; D, cork 
cells; E, sieve tube and com- 
panion cells of phloem, the 
sieve tube showing a well- 
developed sieve plate at the 
end and some less well-de- 
veloped lateral sieve areas. 


the cell, from interior to exterior, is usu- 
ally less than any other dimension, and 
the cells are therefore said to be tabular 
in shape. The epidermal layer is typically 
only one cell thick, and (except for the 
cells bounding the stomates) the cells are 
in most cases all about alike. Sometimes, 
however, the epidermis is two to several 
cells thick, or composed of two or more 
kinds of cells, or both. 

Epidermal cells are usually living 
when functional. They have a well-devel- 
oped central vacuole, and, except for the 
guard cells adjoining the stomates, they 
seldom have chloroplasts. The outer walls 
of epidermal cells of stems and leaves, but 
usually not of roots, are impregnated with 
a waxy material called cutin; and the cutin 
also forms a continuous layer, the cuticle, 
over the outer surface of the epidermis. 
Even the inner walls are often cutinized 
and covered with cuticle where they abut 
on intercellular spaces. Cutin retards the 
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passage of water and water vapor. Except 
for the cutin, the walls of epidermal cells 
arc usually composed largely of cellulose 
and pectic compounds. 


Epidermis of roots is chiefly an absorp- 
tive tissue, absorbing water and minerals 
used by the plant. Epidermis of stems and 
leaves is largely a protective tissue, usually 
providing some mechanical strength as 
well as inhibiting the evaporation of water 
from internal tissues. Sometimes it has 
other functions as well. 


The stomates in the epidermis allow 
exchange of gases between the internal 
tissues and the atmosphere, at the same 
time permitting some evaporation of water, 
Each stomate is bounded by two special- 


ized epidermal cells, the guard cells. Under 
conditions of water deficit and under cer- 
tain other conditions, the guard cells be- 
come pressed closely together, closing the 
opening. The structure and function of 
the stomate-guard-cell apparatus are fur- 
ther discussed in Chapter 26. 


When the epidermis appears to be 
more than one cell thick, only the outer 
layer is cutinized. It was formerly custo- 
mary to admit only the outer layer as the 
epidermis and to call any adjacent layer 
of more or less similar nature a hypo- 
dermis. Nowadays plant anatomists prefer 
to speak of a several-layered epidermis, if 
all these layers arise in the same way, 
reserving the term hypodermis for epi- 
dermis-like internal layers whose ontogeny 
differs from that of the true epidermis. 
In this sense, only developmental studies 
can differentiate between a multilayered 
epidermis and an epidermis accompanied 
by a hypodermis. 

The epidermis often bears small, 
unicellular or multicellular appendages 
called trichomes. Trichomes in some spe- 
cies are small, flat scales, but more often 
they are slender hairs, from less than 1 
mm to 2-3 mm long, seldom longer. Some 
trichomes are tipped with a sticky or 


greasy globule called a gland. A leaf 
or stem with trichomes on the epi- 
dermis is said to be pubescent. One with- 
out trichomes or other roughenings is 
glabrous. The kind, distribution, and to 
some extent the amount of pubescence 
tend to be reasonably constant within each 
species, and differences in pubescence can 
often be used as handy technical charac- 
ters to distinguish related species. An ex- 
tensive terminology has been developed 
to describe pubescence. 

The function of pubesccnce is debat- 
able. A very large proportion of the kinds 
of deciduous trees native to temperate 
regions have the young leaves densely 
pubescent just when they are breaking out 
of the winter bud, although in many 
speeies the hairs soon fall off. It has been 
plausibly suggested that the pubescence 
helps to protect the young leaves from 
insect attack at a time when they are 
extremely vulnerable. ‘The blanket effect of 
the pubescence may also provide some pro- 
tection to the delicate tissues from drying 
or cooling winds. Special kinds or densities 
of pubescence in some kinds of plants 
doubtless have functional significance. In 
some species the hairs are so stiff and 
bristly as to furnish some protection from 
grazing animals, and in others, such as 
nettles, the glandular tip of the trichome 
contains formic acid or some other irritant. 
A thick coating of pubescence, such as 
occurs in mullein (Verbascum thapsus), 
probably tends to reduce evaporation of 
water from the leaves, at least under some 
conditions. In many other plants it re- 
quires a hopeful ingenuity to detect any 
probable function of pubescence. 

Many of the epidermal cells near the 
growing point of a root have slender pro- 
jections called root hairs. Because of their 
distinctive structure and function (see 
Chapter 25), these are not considered to be 
trichomes. Trichomes do sometimes occur 
on roots as well as on aerial organs, how- 
ever. 
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ENDODERMIS 


The endodermis is a tissue which in 
angiosperms is largely confined to roots, 
although it often occurs in the stems of 
other kinds of vascular plants, and some- 
times even in the leaves. Endodermis is 
discussed in Chapter 25. 


MERISTEMS 


In most animals and in many of the 
less complex kinds of plants, all or nearly 
all living cells can divide, and growth is 
diffuse. In angiosperms and other vascular 
plants, however, cell division tends to be 
more or less restricted to certain tissues 
which oceupy particular places in the 
plant body. Any plant tissue characterized 
by cell division is called a meristem. Any 
stem, and each of its branches, is or- 
dinarily tipped by a group of cells which 
make up the apical meristem. ‘The main 
root and branch roots also have apical 
meristems. The apical meristem of a root 
might better be described as subapical, in- 
asmuch as it is covered by a tissue called 
the rootcap. All tissues derived directly by 
differentiation from an apical meristem are 
called primary tissues. Mature primary tis- 
sues often retain some capacity for cell di- 
vision, generally at a rate much slower 
than that in the apical meristem. 

Increase 1n thickness of a stem or root, 
after the primary tissues have maturcd, is 
usually due to cell divisions from lateral 
meristems which le within the stem or 
root, usually nearer to the surface than 
to the center. The most important lateral 
meristem is the vascular cambium, often 
called merely the cambium. The cells 
formed from the cambium mature into 
xylem and phloem, the characteristic con- 
ducting tissues of the plant. (Some primary 
tissues also consist of xylem and phloem.) 
Another kind of lateral meristem is the 
phellogen, or cork cambium, which pro- 
duces cork and a parenchymatous tissue 
called phelloderm. 


All tissues derived from lateral meri- 
stems are called secondary tissues. Many 
angiosperms, especially the monocots, lack 
a cambium and are composed wholly of 
primary tissues.. Some tissues, such as the 
epidermis, are always primary tissues; 
others, such as phelloderm, are always 
secondary. Xylem and phloem may be 
either primary or secondary; the primary 
tissues of vascular plants characteristically 
include xylem and phloem, but these are 
also produced by cambial activity. 

A third type of meristem, the inter- 
calary meristem, is sometimes inserted be- 
tween primary tissues in a position differ- 
ent from that of lateral meristems. The 
leaves of grasses, for example, commonly 
have an intercalary meristem at the base 
of the blade. Tissues derived from inter- 
calary meristems are generally similar to 
those derived from apical meristems and 
are, therefore, considered to be primary 
tissues. 

The characteristics of meristematic 
cells vary in different kinds of meristems 
and in different kinds of plants. Apical 
meristems typically consist of rather small, 
nearly isodiametric cells with thin cellulose 
walls, dense cytoplasm, rather large nuclei, 
and no central vacuole. The plastids are 
usually in the proplastid stage, and inter- 
cellular spaces are generally wanting. 
Cambium cells, on the contrary, are often 
much elongate, and they are more likely 
to be thick-walled than are the cells of an 
apical meristem. 


XYLEM 


Xylem (Greek xylon, wood) (Fig. 
23.5) is a complex tissue which functions 
in the conduction of water and minerals, 
and in mechanical support. The funda- 
mental cell type of xylem is the tracheid. 
Tracheids are long, slender cells, tapered 
at the ends, with well-developed, lignified 
secondary walls, a well-developed lumen, 
and without living contents at maturity. 
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Fig. 23.5 Xylem cells. A, fiber; B, tracheid; C, 
D, vessel segments; E-G, ends of vessel segments, 
with progressively less obstructed opening; H-M, 
types of secondary thickening of xylem cells; H, 
annular; I, spiral; J, scalariform; K, reticulate; 
L, reticulate-pitted; M, pitted. 


The space enclosed by the wall of a cell, 
especially a dead cell, is called the lumen. 

Tracheids are divided into several 
categories, according to the pattern of the 
secondary wall. Tracheids in which the 
secondary wall consists of a series of sep- 
arate rings are called annular tracheids; 
tracheids in which the secondary wall 
tends to form a continuous spiral are 
called spiral tracheids; tracheids in which 
the secondary wall tends to be arranged 
in the form of the rungs and uprights of 
a ladder are called scalariform tracheids; 
those in which the secondary wall forms 
a continuous nctwork are called reticulate 
tracheids; and those in which the continu- 
ous secondary wall is merely interrupted 
by small openings (pits) are called pitted 
tracheids. These several types grade into 
each other. In xylem elements other than 


parenchyma cells, the aperture by which 
the pit opens to the lumen is usually 
narrower than the basal part. Pits of this 
type are called bordered pits. 

Annular and spiral tracheids can be 
stretched to some extent before breaking, 
and the first tracheids to mature near the 
growing points of stems and roots are usu- 
ally of these types. In more mature tissues, 
the pitted tracheid is usually the most 
abundant type. 

Evolutionary modification of the tra- 
cheid has procecded in two opposite direc- 
tions: (1) toward support at the expense 
of conduction, and (2) toward conduction 
at the expense of support. Cclls exemplify- 
ing the former modification are called 
xylem fibers; those exemplifying the latter 
are called vessel segments. Xylem fibers 
are proportionately longer and more slen- 
der than tracheids, with a thick, merely 
pitted secondary wall and a small lumen. 
Fibers of more or less similar structure 
also often occur in other tissues but are 
not regarded as modified tracheids. 

A series of vessel segments placed end 
to end constitutes a vessel. In its most 
typical form, a vessel may be compared to 
a series of barrels stacked end on end after 
the end walls have been knocked out. Ves- 
sel segments are usually broader and often 
shorter than tracheids, with a large lumen 
and often with a relatively thin secondary 
wall. The pattern in which the secondary 
wall is deposited undergoes the same vari- 
ation as in tracheids; and the same types 
are recognized. Vessels are often as much 
as several feet long, but they have com- 
plete end walls at the top and bottom. 

Vessels are more effective conducting 
elements than tracheids, because water 
can move from one end of a vessel to the 
other without having to pass through a 
partition. There are all gradations between 
tracheids and vessel segments. Many ves- 
sel segments have slanting end walls with 
distinct perforations. The presence of these 
perforations in the end walls separating 
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Fig. 23.6 Macerated wood of Liriodendron tulipifera, tulip tree, showing vessel seg- 


ments and fibers. (Courtesy CCM: General Biological, Inc., Chicago.) 


adjacent cells is the ultimate distinction 
between vessel segments and tracheids. 

Tracheids, vessels, and fibers are all 
dead when functional. Xylem of stems and 
roots generally also contains some living 
cells. These are usually called parenchyma 
cells, although often they are not typical 
of parenchyma in all respects. The distri- 
bution of parenchyma cells in the xylem 
is discussed in later chapters, as is also the 
mechanics of water movement. 


PHLOEM 


Phloem (from Greek phloos, bark) 
is a complex tissue which functions in the 
conduction of food and other dissolved 
substances, including minerals. Phloem is 
usually associated with xylem in plant 
organs, and together these two tissues 
constitute the vascular system of the plant. 

The fundamental type of cell in 
phloem is the sieve element. Sieve ele- 


ments are long, slender, thin-walled cells 
which at maturity have cytoplasm and a 
central vacuole but no nucleus. The cyto- 
plasm is continuous from one sieve ele- 
ment to another through clusters of per- 
forations in the wall, called sieve areas. 
These connecting strands of cytoplasm are 
hollow, lining the pores rather than filling 
them. The vacuolar contents are thus con- 
tinuous from one sieve element to the 
next. 

In angiosperms sieve elements are 
joined end to end to form sieve tubes, and 
the sieve areas tend to be concentrated 
on the slanting or transverse end walls of 
the sieve elements. These end walls with 
sieve areas are called sieve plates (Fig. 
23.7). Any sieve areas that may be present 
on the lateral walls of the sieve elements 
are usually poorly developed as compared 
to the sieve plates. 

The cytoplasm of sieve elements is 
in a degenerating condition, and it lacks 
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Fig. 23.7 Sieve plate of squash (Cucurbita 
maxima), with the outlines of surrounding cells. 
(X100.) (From W. H. Brown, The plant kingdom, 
copyright 1935 and 1963; courtesy of Ginn & 
Company, Boston.) 


a vacuolar membrane. The early metabolic 
processes and subsequent protoplasmic 
breakdown in the sieve tubes lead to the 
formation of a characteristic proteinaceous 
slime which lies in the vacuole. If the 
sieve tube is injured or killed, the slime 
quickly blocks the sieve plate, filling the 
pores. 

The primary cell wall of sieve ele- 
ments is composed largely of cellulose, 
and usually there is no secondary wall. 
Callose is deposited on and around thc 
sieve areas, especially in the fall or after 
wounding, often eventually closing off the 
perforations. Callose is a high polymer of 
glucose, differing from ccllulose in the way 
the glucose residues are attached to each 
other. In laboratory practice it is recog- 
nized by its affinity for certain stains that 
have little or no effect on cellulose. Exten- 
sive accumulation of callose, forming a well- 
defined plug over the sieve plate, gener- 
ally marks the end of the conducting 
activity of the sieve element. ‘Thereafter 
the protoplasm tends to degenerate, and 
often the plug separates from the sieve 
plate and disappears. 

Sieve elements are ordinarily inter- 
spersed with more or less modified paren- 
chyma cells which retain a functional 
nucleus. The cytoplasm of these paren- 
chyma cells is continuous with that of 
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the associated sieve tubes by numerous 
small plasmodesmata, and it has been sug- 
gested that the nucleus of the parenchyma 
cell serves for the cytoplasm of the asso- 
ciated sieve element as well as for its own 
cytoplasm. In most angiosperms these 
parenchyma cells are rather highly special- 
ized and have a direct ontogenetic rela- 
tionship with the associated sieve elements. 
Modified parenchyma cells of this type are 
called companion cells. The sieve element 
and its associated companion cell(s) arise 
from the same individual meristematic 
cell. A single companion cell may extend 
the whole length of the sieve element, or 
there may be a vertical file of two to sev- 
eral companion cells next to each sieve 
element. The eventual death and degen- 
eration of the protoplasm of the sieve 
element is usually correlated with the 
death and degeneration of the proto- 
plast(s) of the associated companion 
cell(s). 

In addition to the sieve tubes and 
companion cells; the phloem of angio- 
sperms usually contains parenchyma cells 
and fibers, and sometimes other kinds of 
cells as well. The fibers are usually scler- 
enchymatous, with thickened, often ligni- 
fied secondary walls, and without living 
contents at maturity; but phloem fibers 
with persistent protoplasts are also known. 

The mechanics of movement of dis- 
solved substances in the phloem are only 
beginning to become clear. It is obvious 
that the sieve tube acts as a pipe line, 
and that the sieve plates provide a pas- 
sageway bctween sieve elements, but it 
has only recently been established that 
the vacuolar contents flow, under pressure, 
from one sieve element to the next (see 
Chapter 29). 


CORK 


Cork (Fig. 23.8) is a waterproofing 
protective tissue, dead when functional, 
characterized by the suberization of the 
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cell walls. The secondary wall consists 
largely of suberin, a waxy substance; the 
primary wall, originally composed chiefly 
of ccllulose, tends to become impregnated 
with suberin as well. Cork cells are usually 
more or less prismatic; in cross sections of 
stems and roots, they often appear to be 
rectangular or box-shaped, but careful 
studies show that they tend to be tetra- 
kaidecahedral, with an average of 14 sur- 
faces. Cork is ordinarily a secondary tissue, 
derived from a particular kind of meristem 
called the phellogen or cork cambium; and 
cork cells tend to be arranged in regular 
rows aligned with the cells of the phello- 
gen, nearly or quite without intercellular 
spaces. Cork commonly occurs in the outer 
parts of woody stems and roots, forming 
or helping to form a protective outer cov- 
ering after the epidermis has broken down. 


t 


LATICIFERS 


Many plants have some specialized 
cells or ducts which contain latex, a color- 
less to more often white, yellow, or red- 
dish liquid, often slightly viscous, char- 


Fig. 23.8 Stages in the forma- 
tion of cork in oleander (Ne- 
rium oleander). Upper left, 
epidermis and adjacent cortex; 
the exposed outer surface of 
the epidermal cell wall is much 
thickened in this species. Left 
center, the epidermal cells have 
elongated and divided to pro- 
duce an internal layer of phel- 
logen, next to the cortex. Lower 
left, the phellogen has pro- 
© duced a single layer of cork 
“as cells just beneath the epider- 
: mis. Right, the uppermost row 
smc of cells is epidermis, the next 
: four rows are cork, and the 
f sixth row is the phellogen. 
%7 (*% 300.) (From W. H. Brown, 
The plant kingdom, copyright 
1935 and 1963; courtesy of 
Ginn & Company, Boston.) 


acterized by the presence of colloidal 
particles of terpenes dispersed in water. 
Terpenes are a chemical family of hydro- 
carbons, including such substances as rub- 
ber, resins, balsams, essential oils, cam- 
phor, and carotenoids. The kinds and 
amounts of terpenes differ in the latex of 
different species, but rubber and resins 
are especially common. The latex of com- 
mercial rubber trees contains up to 50 per 
cent rubber. Latex also regularly contains 
dissolved salts and other dissolved or sus- 
pended substances such as sugar, proteins, 
fats, tannins, and alkaloids. Crystals and 
starch grains may also be present. Latex 
has been considered to be the cell sap of 
the latex cells, but it is often difficult to 
distinguish between the latex and the 
cytoplasm. 

Latcx in some plants occurs in cells 
much like ordinary parenchyma cells, but 
usually it occurs in elongate, slender tubes 
called laticifers (Fig. 23.9). Laticifers are 
nonarticulate or articulate, according to 
whether they consist of one or many cells. 
The end walls between the cells of articu- 
late laticifers soon degenerate, so that a 
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Fig. 23.9 Stages in the formation of an articu- 
late laticifer in Manilkara zapota, the tree from 
which chicle (the essential ingredient of chewing 
gum) is obtained. (After Karling, from W. H. 
Brown, The plant kingdom, copyright 1935 and 
1963; courtesy of Ginn & Company, Boston.) 


continuous tube is formed. Both types of 
laticifers are coenocytic, with numerous 
nuclei scattered through the cytoplasm. 
They occur in almost any tissue, often 
completely permeating the plant, but are 
most common in or near the phloem. 
Laticifers are commonly branched, and 
articulate laticifers often form an inter- 
connecting system. The single multinu- 
cleate cell represented by a nonarticulate 
laticifer may extend throughout the whole 
length of the plant. 

The function of laticifers is dubious. 
Many suggestions have been made, but 
none is backed by very substantial evi- 
dence. The most common interpretation 
is that they form an excretory system. 
Terpenes in particular appear to be non- 
functional by-products of cellular metabo- 
lism, particularly in young, growing tis- 
sues, and they are not known to be used 
again by the plant after they have been 
deposited in the laticifers. A difficulty with 
this interpretation, though perhaps not 
an insuperable one, is that the latex seems 
to be formed directly within the laticifers, 


rather than being carried to them from 
other cells. 


SOIL 


COMPONENTS OF Sout, 


The mantle of weathered mineral and 
organic matter that covers most of the 
land surface and supports plant growth 
is called soil. The uppcr layers of most 
soils contain 30-60 percent pore space 
which is filled with water and air. The 
ratio of water to air in the pore space 
varies from day to day. Soils with more 
than 80 percent (by weight) of the solid 
matter consisting of mineral particles (thus 
less than 20 percent organic matter) are 
called mineral soils and are much com- 
moner than organic soils, which have more 
than 20 percent organic matter. A fair 
average of organic matter for a good min- 
eral soil is 4-5 percent. 

Soil is important to land plants as 
the primary source of water and min- 
erals, and as an anchoring agent. Most 
plants also obtain oxygen for respiration 
of the underground parts from the soil. 
A soil which is too loose may not provide 
adequate anchorage, but too firm a con- 
sistency interferes with growth of roots. 
Mineral nutrition and water relations of 
angiosperms, as well as the nitrogen cycle, 
are taken up in other chapters of this text, 
therefore, only the more general aspects 
of the influence of soil on growth will be 
discussed here. 

The size of soil particles has at least 
as much to do with the characteristics 
of the soil as does its chemical composi- 
tion. The colloidal particles in particular 
(those less than about 0.001 mm thick) 
strongly influence the texture, water-hold- 
ing capacity, and chemical activity of the 
soul. 

Soil particles are classified, according 
to increasing size, as clay, silt, sand, and 
gravel. The distinctions among the classes 


438 INTRODUCTORY BOTANY 


are of course wholly arbitrary, and several 
different standards have been set up. The 
U.S. Department of Agriculture standard 
is: clay—particles less than 0.002 mm 
in diameter; silt—particles 0.002-0.05 mm 
in diameter; sand—particles 0.05-1 mm in 
diameter; fine gravel—particles 1-2 mm 
in diameter. 


GENERAL CHARACTERISTICS AND TYPES OF 
SoILs 


According to the proportions of the 
various sizes of particles, mineral soils can 
mostly be classified as sands, silts, clays, 
and loams, or the terms may be used in 
combinations such as sandy loam, silty 
clay, etc. The upper size limit of clay par- 
ticles is only about twice that of colloidal 
particles, and much of the clay in soil is 
in colloidal form. These colloidal particles 
so strongly influence the nature of the soil 
that any soil with more than about 30 
percent clay, by dry weight, is called a 
clay soil. Soils with more than 80 percent 
sand are sands, and soils with more than 
80 percent silt are silts. Soils with other 
proportions of mineral particles, i.e., with 
less than 30 pereent clay, less than 80 
percent sand, and less than 80 percent 
silt, are loams. The mineral part of a typi- 
cal loam is about half sand (by weight), 
and half silt and clay. 

Clay soils have a high water-holding 
capacity and retain mineral nutrients well, 
but the pore spaces are so small that move- 
ment of water and air is impeded, and, if 
worked when wet, they may become prac- 
tically impervious. Sandy soils, on the con- 
trary, are well aerated and drain well. 
They are loose enough to permit easy cul- 
tivation and free passage of roots, but they 
do not have much capacity to hold water 
and mineral nutrients. Silt soils are un- 
common and are intermediate between 
sand and clay. Loam soils are the best, 
combining the advantages and minimiz- 
ing the defects of sands and clays. 

Under natural conditions soils that 


are not too sandy or too high in clay tend 
to develop a porous, crumb-like structure 
which promotes aeration and drainage 
without interfering seriously with the ca- 
pacity to retain enough minerals and water 
for plant growth. The humus in the soil 1s 
one of the most important factors contrib- 
uting to the development and maintenance 
of the crumb structure. Humus is partly 
decayed organic matter in a colloidal state. 
It is more resistant to decay than the plant 
and animal bodies and wastes from which 
it is derived, but it does gradually disinte- 
grate. In tropical regions the rapid destruc- 
tion of humus, especially when the bare 
soil is exposed to the sun, is one of the 
greatcst impediments to soil fertility. 

The colloidal nature of humus and 
much of the clay in the soil enables these 
particles to adsorb water and exchangeable 
mineral ions, which can then be taken up 
by plants; but humus is much more effec- 
tive in this regard than clay. Unlike clay, 
humus also promotes the desirable crumb 
structure of the soil, and the addition of a 
small amount of humus often causes a 
disproportionate improvement in fertility. 

Except in very dry climates, the upper 
part of the soil, called the A horizon, is 
subject to continual leaching of minerals 
and other solutes. Some of these, especially 
the iron and aluminum, accumulate in the 
next layer down, the B horizon. The A 
horizon, which is seldom over a foot thick 
and is more or less equivalent to the top- 
soil of common speech, has more humus 
than the B horizon and is usually a good 
source of both water and minerals for plant 
growth. Some of the roots generally also 
enter the B horizon, or subsoil, which con- 
tinues to provide water during dry weather 
for some timc after the upper soil has dried 
out. The B horizon is more compact than 
the A horizon, with less air space and less 
humus, so that penetration by the roots is 
more difficult, and the minerals present 
are less readily available. Sometimes there 
is a hardpan layer, 1 or more inches thick, 
in the B horizon, with an especially high 
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concentration of iron and aluminum (and 
in dry soils calcium carbonate), and often 
with the interstices filled by fine clay par- 
ticles which have washed down from above. 
Plants growing in*such a soil generally 
thrive better if the hardpan is broken, so 
that the roots can reach the moister soil 
below. 


CORRELATION OF CLIMATE WITH SOIL TYPE 


The nature of an uncultivated soil de- 
pends chiefly on the climate, the nature of 
the parent material, and the vegetation. 
Given sufficient time, the effect of the cli- 
mate tends to overcome the other factors, 
and several broad climatic types. of soils 
can be reeognized. The characteristics of 
these soil types, in turn, influence the 
vegetation by favoring the growth of some 
kinds of plants as compared to others. 

In the broadest sense, there are three 
general climatic types of soils in nonarid re- 
gions; tundra soils in the arctic, podzolic 
soils in temperate climates, and lateritic soils 
in the tropics. Tundra soils have an aceumu- 
lation of organic matter over a sticky and 
compact bluish-gray subsoil; they are poorly 
drained and subject to severe frost heav- 
ing, often being underlain at no great 
depth by permafrost. 

The most typical podzols, occurring in 
cold temperate regions, are characterized 
by severe leaching of iron, aluminum, cal- 
cium, magnesium, and other nonsiliceous 
minerals, leaving a sandy, infertile A hori- 
zon. Some of the iron and humus are de- 
posited in the B horizon, but the other 
minerals are largely earried away. Organic 
remains decay slowly, and there is a sur- 
face covering of litter and partly decom- 
posed organic matter. The whole soil pro- 
filc is generally very acid, with pH values 
ranging from 3.5 to 4.5. In the United 
States typical podzolic soils are largely 
confined to northern New England, the 
northern Great Lakes region, and the 
higher Appalachians, but they are wide- 


spread in Canada and northern Eurasia. 
They are not very fertilc and for the most 
part are best left uncultivated, as forest 
land. . 

Laterites, the typical soils of moist 
tropical regions, are characterized by leach- 
ing and loss of the siliceous minerals, and 
retention of iron and aluminum as oxides, 
so that the soil, especially in the B horizon, 
is a red or reddish clay of peculiar texture, 
which. absorbs water easily and does not 
erode so rapidly as clay soils of temperate 
regions. Organic matter decays rapidly In 
tropical regions, and laterites contain but 
little humus. ‘They are also low in ex- 
changeable minerals, and lose their fertil- 
ity rapidly under cultivation. 

Most soils of the eastern United States 
are podzolic in the broad sense, but they 
diverge from typical podzol in the direction 
of laterite and are, in fact, more fertile 
than either typical podzol or typical late- 
rite. The organic matter decays rapidly 
enough to provide a reasonable amount of 
humus, which isnot so quickly destroyed 
as in tropical regions. Available minerals 
are more abundant than in either typical 
podzols or typical laterites. The red and 


yellow soils so common in the southeastern 
United States are intermediate between 


podzol and laterite but are usually classi- 
fied with the podzols. Like the brown and 
gray-brown podzolic soils found farther 
north in the United States, they are much 
more fertile than typical podzols. 

Soils of drier regions, such as those of 
most of the western United Statcs, do not 
fit well into the podzol to laterite series 
and are classified into several types on bases 
which will not be discussed here. Leaching 
of soil minerals is not so pronounced in 
dry regions as in moist ones, and, in dry 
areas without good drainage, evaporation 
tends to concentrate the minerals near the 
surface of the soil. In extreme cases the 
minerals form a layer of alkali on top of 
the ground, and only plants with a very 
high osmotic potential can grow in such 
sites. 
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INTRODUCTION 


SoME EXTERNAL FEATURES 


Stems are the organs of a plant on 
which the leaves are borne. They are usu- 
ally more or less round in cross section, 
commonly tapering toward the tip. The 
leaves are usually arranged in a regular pat- 
tern. A place on the stem where a leaf is 
(or has been) attached is called a node, 
and the part of the stem betwecn two suc- 
cessive nodes is called an internode. Often 
the stem is somewhat swollen at the nodes, 
sometimes so much so as to appcar jointed. 
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e, S when the leaves are 
highly m , or much reduced and in- 
conspicuous, the axillary bud, marking the 
node, is often evident. It may be said that 
stems characteristically have nodes and 
internodes, and that branch stems (of 
angiosperms) characteristically arise from 
axillary buds. Both these features are in 
contrast to those of roots. 





APICAL GROWTH 


The tip of the stem is ordinarily occu- 
pied by an apical meristem. In an actively 
growing stem, the apical meristem is pro- 
tected by the developing young leaves 
which extend up and around it from be- 
low. As these leaves expand and spread 
away from the stem with increasing ma- 
turity, new young leaves are progressively 
















Fig. 24.1 Long section of 
growing stem tip of Elodea. 
(Courtesy of E. J. Kohl, Lake- 
side Biological Products, 
Ripon, Wis.) 


formed by the apical meristem, and these 
in turn protect the ermine point for a 
time before the: 









ene resumes its growth after a period 
of dormancy, the bud scales spread away 


from the growing point and fall off, typi- 
cally leaving a rng of Vidal nes 
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Fig. 24.2 Twig = sugar maple, Acer saccharum, 
in winter after the leaves have fallen; a.b., 
axillary bud; b.s., bud-scale scars; l., lenticel; 
l.s., leaf scar; t.b., terminal bud. (New York 
Botanical Garden photo.) 
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around the twig. Twigs of many woody 
plants show successive rings of bud-scale 
scars marking the annual increments in 
length. There are all degrees of variation, 
from dormant buds that are merely cov- 
ered by ordinary young leaves whose de- 
velopment is arrested, to thc more common 
type in which the bud scales are distinctly 
different from ordinary leaves. Axillary 
buds of woody plants, as well as terminal 
buds, are commonly covered by bud scales. 

Growth in length of the stem is due 
to cell divisions occurring in and near the 
apical meristem, followed by enlargement 
of the cells which do not remain meriste- 
matic. The apical meristem is thus con- 
stantly being carried upward or onward by 
the growth of the new cells it produces. 
The region just beneath the apical meri- 
stem, marked by rapid enlargement (es- 
pecially elongation) of the cells, is called 
the region of elongation, or more precisely, 
the region of cell enlargement. ‘The boun- 
dary between the apical meristem and the 
region of elongation is rather vague; some 
capacity for cell division is often retained 
even by mature primary tissues. Even 
within the meristematic region, where ccll 
division is actively occurring, most of the 
cells are ultimately destined, after one or 
more divisions, to develop into parts of 
mature primary tissues. The relatively few 
cells in the apical meristem which remain 
more or less permanently meristematic are 
called the initials. In practice, the initials 
are often difhieult to identify. Young, dif- 
ferentiating tissue, in the region of elonga- 
tion and just behind the initials in the api- 
cal meristem of a stem or root, is classified 
as’ protoderm, provascular tissue, and 
ground meristem, according to whether it 
is destined to develop into epidermis, vas- 
cular tissue, or fundamental tissue (defined 
on p. 446). 

In most angiosperms the apical meri- 
stem has a more or less differentiated outer 
part, the tunica (Latin, cloak), sheathing a 
central mass, the corpus (Latin, body). The 


444 INTRODUCTORY BOTANY 





Ue J MQ YB 
YY ~~. N N 
K fo DAA 
Y, N N 
Á yy SH Ñ | 
Hy ff My Keio \ \ N N 
W R PER A N 
i Hy Mi) BST \ NID \ \\ 
} NY BRR REAR \ Wi WY) \ A 
W A RES N A Wa 
Ki WH EA ap RRRA i 
MN = a 
Hi NRE RB L/h h 
I R ENNER A 
Th | AEROS A Hh 
i NON rascal DO LOOSE yo ny 


Fig. 24.3 Diagram of a long section of growing 
stem tip, with the initials of the corpus stippled. 
Each axillary bud primordium has its own set of 
initials, in addition to those of the main stem. 


tunica may be one to five layers thick. ‘The 
cell divisions occurring in the tunica are 
mostly anticlinal (perpendicular to the 
outer surface), increasing the surface area 
without adding new layers. The individual 
layers of the tunica tend to retain their 
identity, and each has its own tier of ini- 
tials. The corpus has only a single tier of 
initials, but division occurs in various 
planes, so that the whole mass increases in 
volume. The internal part of the corpus, in 
which relatively few mitoses occur, has 
come to be called the quiescent center. 
The tunica-corpus concept of the apical 
meristem of angiosperms was introduced 
by the German botanist Alexander Schmidt 





al 

. The initia- 

tion of the leaf primordium may be due 

chiefly to localized cell divisions in the 

tunica, or in the outer part of the corpus, 
or both, depending on the species. 

The axillary buds also originate from 










the apical meristem, usually after the for- 
mation of the subtending leaf primordia. 
Both the tunica and the corpus are usually 
involved, the proportions varying in differ- 
ent species. Sometimes the formation of 
the axillary bud is delayed so long that 
it develops from essentially mature primary 
tissues of the stem just above the leaf. 
Under some circumstances, especially af- 
ter injury, adventitious buds are produced 
away from the axils. T] 


times the bud continues its growth without 
interruption, developing immediately into 
a leafy branch or one or another kind of 
modified shoot (such as a flower). More 
often the bud becomes dormant after de- 
veloping to a length of usually less than 
l cm. It may then remain permanently 
dormant, or it may sooner or later resumc 
active growth, depending on the species 
and the environmental conditions. The 
number of axillary branches on a plant 
seldom represents more than a small frac- 
tion of the total number of axillary buds. 

The dormancy or activity of the axil- 
lary buds is governed largely by hormones 
produced by the plant. Actively growing 
shoots commonly produce hormones which 
tend to inhibit the growth of axillary buds. 
If the shoot tip is cut off, interrupting the 
supply of the inhibitory hormone(s), one 
or more axillary buds usually begin to 
grow, forming a new shoot which in turn 
inhibits the development of other buds. 
The phenomenon is called apical domi- 
nance. Plant hormones are further dis- 
cussed in Chapter 33. 


ANATOMY 


The nature and arrangement of the 
primary tissues of the stems of angiosperms 
vary in diffcrent groups, but nearly all have 






several features in common. They are 
bounded externally by an epidermis. They 
contain a network of longitudinal strands 
of vascular tissue, the vascular bundles, em- 
bedded in a usually parenehymatous mat- 
rix, the fundamental tissue. Each vascular 
bundle contains both xylem and phloem, 






Stems in which the primary tissues are 
similar in composition and arrangement 
often differ in the amount and distribution 
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of secondary tissues. The anatomy of angio- 
sperm stems is most conveniently studied 
under four headings: (1) herbaceous dicot, 
(2) woody dicot, (3) herbaceous monocot, 
and (4) woody monocot. Woody stems 
differ from herbaceous stems in the higher 
proportion of wood, i.e., hard tissue com- 
posed largely of thick-walled cells. In 
woody dicots, as in conifers, xylem is the 
principal or only woody tissue, and the 


« Fig. 24.4 Cross section of 
a sunflower stem. Left, the 
whole stem. (Courtesy of 
E. J. Kohl, Lakeside Biologi- 
cal Products, Ripon, Wis.) 
Below, a segment of the 
stem: c, cortex; e., epider- 
mis; p., pith; v.b., vascular 
bundle, with the xylem to- 
ward the center and the 
phloem toward the outside. 
(Courtesy CCM: General 
Biological, Inc., Chicago.) 
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HERBACEOUS DICOT STEMS 


GENERAL FEATURES 


A eross section of a typical herbaceous 
dicot stem, before secondary growth has 
started, shows a central pith, successively 
surrounded by a ring of vascular bundles, 
a cortex, and an epidermis. All these are 
primary tissues or groups of tissues, formed 
by growth and maturation of cells derived 
from the apical meristem. The pith, the 
cortex, and the tissue separating the vas- 
cular bundles collectively constitute the 
fundamental tissue. 


PITH 





with starch-forming leucoplasts (amyo- 
plasts), but without chloroplasts. Some- 
times, especially in age, it shows specialized 
cells in which tannins or crystals of one 
sort or another are deposited, or some of 
the cells may be modified into sclereids 
or other specialized types. Resin ducts 
and/or laticifers are also present in some 
SPECIES. 





esin ducts are schizogenous or 
dlysigenous, according to their origin. Schiz- 


ogenous resin ducts originate by the separa- 
tion of adjacent cells, as described in Chap- 
ter 22. They are especially common in 
conifers but are also found in some angio- 
sperms, being particularly frequent in mem- 
bers of the sunflower family (Compositae). 
The oil ducts found in many members of 
the carrot family (Umbelliferae) are of 
similar nature. Lysigenous resin ducts, 
which originate by the degeneration of 

















tion and dies or degenerates, especially in 
the internodal regions, as the plant ma- 
tures. 


VASCULAR CYLINDER 


The vascular bundles appear in cross 
section as separate units, but they actually 
fork and rejoin in a fairly regular pattern, 
forming a network in the shape of a hol- 
low cylinder (Fig. 24.5). This cylinder, to- 
gether with thc pith it encloses, is called 
the central cylinder, or stele. The network 
of bundles alone is called the vascular cyl- 
inder. amc 








Often they are 
bundles themselves. 





wider than the 


ROMELIC ee traces for each 
leaf, but in some species there are five or 
more, or only one. The place of the de- 
parting leaf trace in the vascular cylinder 
is taken by a new bundle formed by the 
fusion of branches from adjacent bundles 






parenchyma of the leaf gap is continuous 
with that of the adjoining medullary rays. 
Nodes are said to be unilacunar, trilacunar, 
pentalacunar, or multilacunar, according to 
the number of gaps associated with the 
leaf i i 







Typically the branch traces flank the leaf 
trace (or the central leaf trace, if there is 
more than one) and depart from the stele 
so nearly at the same level as the leaf trace 
that the branch gap left by their departure 
is not differentiated from the associated 











leaf gap. In the most characteristic type of 
stele, each bundle, in its course up the 
stem, sooner or later becomes a leaf trace 
or branch trace. 

Since the beginning of the twentieth 
century, following on the work of the 








p i 


ANGIOSPERMS: STEMS 447 


American plant morphologist Edward 
Charles Jeffrey (1866-1952), leaf gaps l 












is eommon structure has 
een thought to mark an evolutionary 
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Fig. 24.5 Left, vascular anatomy of flax stem, showing the vascular bundles enclosing 
the pith; l.g., leaf gap; l.t., leaf trace. The nodes are unilacunar, with a single gap and 
a single trace for each leaf; the stem of flax is unbranched, and the branch traces do 
not develop. (Adapted from Esau.) Right: cross section of buttercup (Ranunculus) stem 
(above), and detail of same (below); ch., chlorenchyma; ph., phloem; s., stomate; Xy., 
xylem. (Courtesy of E. J. Kohl, Lakeside Biological Products, Ripon, Wis.) 
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group. Among many ferns, the network 
construction of the vascular cylinder is 
clearly due to the leaf gaps and braneh 
gaps formed in an otherwise tubular cyl- 
inder by the departure of segments as leaf 
traces and branch traces, as shown in Fig. 
21.2. In most dicots and gymnosperms, on 
the other hand, the stelar structure more 
nearly approaches that of an intercon- 
nected system of potential leaf traces and 
branch traces separated by large parenchy- 
matous areas (Fig. 24.5). Steles of this 
type are called eusteles. The even more 
complex stele of monocots, called an 
atactostele, is described on p. 457). The 
utility of the leaf gap concept in explain- 
ing the stelar structure of gymnosperms 
and angiosperms is now becoming progres- 
sively more doubtful, because of studies of 
fossil gymnosperms and progymnosperms 
which suggest that in this phylad the frag- 
mentation of the ancestrallv solid stele.into 
vascular bundles took place independently 
of the departure of leaf traces from the 
bundles. In this textbook we find it con- 
venient to retain the now traditional ter- 
minology, while raising some doubt as to 
its evolutionary significance. 

Each vascular bundle (Fig. 24.6) con- 
tains xylem and phloem. Typically the 
xylem forms a strand on the side toward 
the pith, and the phloem forms a strand 


= | 
C D 
Fig. 24.6 Types of vascular bundles, in cross 
section, the xylem crosslined, the phloem clear. 


A, collateral; B, bicollateral; C, D, concentric; 
C, amphicribal; D, amphivasal. 


on the side toward the cortex. These two 
tissues are usually separated by a single 
layer of procambium, the ontogenetic fore- 
runner of the cambium. Bundles of this 
type are said to be collateral. Less com- 
monly there is a strand of phloem next to 
the pith as well as on the outer side of the 
bundle. Such bundles, with the phloem on 
two sides of the xylem, are called bicollat- 
eral. Sometimes the inner strand of phloem 
is actually embedded in the outer part of 
the pith instead of being directly next to 
the xylem. Plants with bicollateral bundles, 
or with strands of phloem in the pith, are 
said to have internal phloem. Pumpkins, 
squashes, potatoes, and tomatoes are fa- 
miliar plants with internal phloem. Vascu- 
lar bundles in which the xylem surrounds 
the phloem, or vice versa, are said to be 
concentric. Concentric bundles with the 
xylem surrounding the phloem are amphi- 
vasal; when the phloem surrounds the xy- 
lem, they are amphicribal. Amphicribal 
bundles occur in many ferns and a few di- 
eots; amphivasal bundles occur in many 
monocots and a few dicots. These several 
types of bundle are not always sharply dif- 
ferentiated, and transitional types occur. 
The xylem nearest the pith matures 
first, and maturation (at any given level in 
the bundle) proceeds progressively toward 
the outside. Xylem which matures while 
the surrounding tissues are still elongating 
is called protoxylem; that which matures 
later 1s called metaxylem. Protoxylem ves- 
sels and tracheids usually have annular 
or spiral secondary thickenings, allowing 
some stretching, but by the time the sur- 
rounding tissues have matured, the proto- 
xylem has usually been stretched so much 
that it becomes disorganized, and often it 
degenerates and disappears. Usually there 
is a considerable proportion of parenchyma 
in the protoxylem, and this parenchyma 
often survives and may become thick- 
walled in age. Metaxylem usually contains 
relatively little parenchyma, and it often 
has fibers as well as vessels and/or tra- 
cheids. In plants with little or no secondary 


growth, the metaxylem remains functional 
throughout the life of the stem. 

Maturation of the sieve tubes in the 
phloem of a vascular bundle generally pro- 
gresses from the outside toward the xylem. 
The sieve tubes of the protophloem ma- 
ture while the surrounding tissues are still 
elongating, whereas those of the meta- 
phloem mature thereafter. The sieve tubes 
of the protophloem function only briefly, 
and they often lack eompanion cells. The 
elongation of the surrounding tissues 
stretches the sieve tubes of the proto- 
phloem, and they usually degenerate more 
or less concurrently with the maturation of 
the metaphloem. Often the protophloem 
contains a high proportion of cells which 
mature more slowly and eventually develop 
into elongate fibers, so that there is a 
group of fibers on the cortical side of the 
vascular bundle. Bundles with such fibers 
ate often called fibrovascular bundles. 


ENDODERMIS 


In most herbaceous dicot stems, the 
vascular bundles abut directly on the cor- 
tex. In a few species, however, the cortex 
is delimited at the inner margin by a single 
layer of specialized cells without intercel- 
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structure is discussed 


cle. In young ste 
endodermis, there is often a layer of cells, 
in the position of an endodermis, marked 
by the large and numerous starch grains. 
This starch sheath seems to be homologous 
with the endodermis, and it sometimes 
eventually becomes one. 


CORTEX 


The cortex is usually parenchymatous, 
at least toward the inside; but toward the 
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surface of the stem it often contains some 
collenchyma or sclerenchyma. These latter 
tissues, which help to support the stem, 
occur as individual vertical strands, or a 
network, or a complete sheath which some- 
times forms a distinct hypodermis. Frc- 
quently some or all of the outer part of the 
cortical parenchyma bears chloroplasts and 
carries on photosynthesis. Food storage is 
another common function of the cortical 
parenchyma. Like other internal tissues of 
the stem, the cortex sometimes contains 
resin ducts or laticifers, according to the 
species. 


EPIDERMIS 


The epidermis is the outermost tis- 
sue of an herbaceous dicot stem. It re- 
tards evaporation of water from internal 
tissues and furnishes some protection from 
mechanical injury and infection. The epi- 
dermis of stems generally has some sto- 
mates (discussed in Chapter 26), but 
usually not so many as the leaves. 


SECONDARY TISSUES 


In some herbaceous dicot stems, the 
procambium remains parenchymatous or 
eventually matures into vascular elements, 
and there is no secondary growth. More 
often the procambium becomes a definite 
cambium which produces secondary tis- 
sues. The cambium may be restricted to 
the vascular bundles (fascicular cambium), 
or it may also extend from one bundle to 
the next (interfascicular cambium), form- 
ing a complete sheath. Typically the sec- 
ondary tissues produced by the cambium 
are xylem and phloem, but in some species 
only the fascicular part of the cambium 
produces vascular tissue, the interfascicu- 
lar part producing parenchyma instcad. 

Most cell divisions in the cambium 
are periclinal (parallel to the cambial sur- 
face). Of the two daughter cells formed 
in a division, one remains a cambial cell 
and the other usually matures directly or 
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eventually into either a phloem cell (if 
external to the cambium) or a xylem cell 
(if internal to the cambium). Often these 
cells cut off from the cambium undergo 
one or more periclinal divisions before 
maturing into xylem or phloem, but only 
the cambium remains permanently meri- 
stematic. In a cross-sectional view of the 
stem, the cells of the secondary phloem, 
and especially of the secondary xylem, ap- 
pear to be arranged in regular radial rows, 
in contrast to the less regular arrangement 
of the cells of the primary xylem and 
phloem. 

Herbaceous dicots with an active cam- 
bium, such as the common sunflower, pro- 
duce a considerable amount of secondary 
xylem by the end of the season, and in 








cross section the xylem forms a eontinuous 
broad band. If such stems lived through 
the winter and continued to produce sec- 
ondary tissues year after year, they would 
be woody stems. € 
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(especially in temperate 
amd boreal “tegions), in contrast to wood 
stems, which live year after year. 





Fig. 24.7 Sugar maple, Acer 
saccharum, at the New York 
Botanical Garden in winter, 
showing the characteristic 
deliquescent branching of 
angiosperm trees. The main 
stem melts away into a 
series of branches, instead 
of continuing as a definite 
central axis. (New York Bo- 
tanical Garden photo.) 
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The lateral distance between the rays is 
thus maintained at a fairly constant figure 
(usually well under 1 cm) by the progres- 





he winter, in temperate and boreal 


~- 


regions; the dry season, in many tropical sive insertion of new rays between the pre- 
regions) and resume growth when favor- viously established ones at points pro- 
able conditions return. All these differences gressively farther from the pith. Only 
are subject to exceptions or difħeulties in rarely docs the cambium fail to eontinue 
interpretation, however, and the distinc- extending a wood ray once it has been es- 
tion between woody and herbaceous stems tablished. | 
is not at all absolute. Most woody dicots have vertical paren- 
ehyma cclls as well as rays. ‘These are in 
WOODY DICOT STEMS contact with one another as well as with 


the tracheids, vessels, and fibers, and they 
form an interconnecting system with the 
GENERAL FEATURES rays. Hach tracheid-and vessel is in contact 







The basic structure and organization 
of the primary tissues of a woody dicot 
stem are essentially similar to those of 
an herbaceous stem. On the average, how- 
ever, woody stems have a more nearly con- 
tinuous primary vascular cylinder, with 
narrower interfascicular areas. The cam- 
bium is a continuous layer, forming sec- 
ondary xylem and phloem in the same 
way as in herbaceous stems. 


The cambium continues to produce 
secondary xylem and phloem year after 
year, so that the stem increases progres- 
sively in thickness. In tropical regions with- 
out a pronounced dry season, secondary 
growth is more or less continuous, but in 
regions with more marked seasonal differ- 
ences, the cambium undergoes alternate 
periods of activity and dormancy. 

Xylem cells produced in the spring, 
when moisture is abundant and growth is 
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or not infrequently of vessels, 
fibers, and parenchyma cells, without _tra- 


pa 


Some of them are extensions of the medul- 
lary rays and reach all the way from the 
cambium to the pith. Others extend only 
part way inward from the cambium. 

The ray cclls of the secondary wood, 





like the other cells, are formed by division R O ON lee 
from the cambium. New Iy = initiated Fig. 24.8 Cross section of a five-year-old stem 
by the cambium from time to tıme, So of basswood (Tilia): a.r., annual ring; Q., cam- 
that the number of rays is greatest next to bium) p., pith; p.x, primary xylem. (Courtesy 


the cambium, and least toward the pith. CCM: General Biological, Inc., Chicago.) 


INTRODUCTORY BOTANY 


452 





3 Selh 
piei] 


one 
Ivon: 


Fig. 24.9 Cross section of secondary wood of 
basswood (Tilia). Rows of narrow cells extending 
from top to bottom, wood rays; large, thick- 
walled openings, vessels; smaller, empty cells, 
fibers; cells with stippled contents, parenchyma. 
An annual ring ends with the small cells in the 
lower part of the drawing; another begins with 
the large vessels, and ends with the small cells 
near the top, just below the vessels of the next 
ring. (From W. H. Brown, The plant kingdom, 
copyright 1935 and 1963; courtesy of Ginn & 
Company, Boston.) ë 


rapid, tend to be relatively large and thin- 
walled, with a large lumen. As the season 
progresses and the water supply diminishes, 
growth slows down, and the mature cells 





are smaller and thicker-walled. Usually 
there is an abrupt contrast between the 
last-formed xylem cells of one year and the 
first-formed ones of the next year. 










Annual rings vary from hardly visi- 


ble to the naked eye to sometimes as much 


as an inch thick, but thicknesses of 1 mm to 
l cm are much more common. The age 
of a tree may be detcrmined by counting 
the annual rings, although there is a possi- 
bility of error because of occasional false 
rings formed during unusual years when 
growth is interrupted by a dry spell and 
then resumed later in the season. 












Sometimes there is an abrupt con- 
trast between the spring wood and the sum- 
mer wood of an annual ring. 


| (Fig. 
24.10). As the student should by now ex- 
pect, there are also transitional types. Even 
diffuse-porous woods may have the summer 
wood well differentiated from the spring 
wood of the same year. 

The parenchyma cells of the xylem 
remain alive and continue to function nor- 
mally for some years after they are pro- 
duced. These functions include food stor- 
age, lateral conduction (in the rays), and 
possibly some service in keeping the tra- 
cheids and vessels functional in water 
conduction, 

Sooner or later the metabolic activity 
of the parenchyma cells is modified, with 
the result that the other xylem cells are 
infiltrated with various organic substances 
such as oils, gums, resins, tannins, and aro- 
matic and coloring materials. Due to these 
changes, the vessels and tracheids lose their 
conducting function, retaining only the 
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mechanical function of support. The paren- 
chyma cells then die and their protoplasm 
degenerates. 

In many species the vessels and tra- 
cheids become blocked by tyloses concur- 
rently with the other changes just men- 
tioned. Tyloses are outgrow.hs from the 
adjoining parenchyma cells, which expand 
through the pit cavity and sometimes com- 
pletely fill the lumen. Wood with tyloses 
is highly desirable for certain uses, e.g., 
watertight barrels. 





wood is generally darker in color than the 
sapwood, the difference being obvious to 
the naked eye. The boundary between the 
two is commonly irregular, extending sev- 
eral annual rings closer to the cambium at 
some points than at others. The inner part 
of the sapwood is continuously changed 
into heartwood as more 


. e * 





ht ee. A large tree may 
have a ring of sapwood only a few inches 
thick surrounding a core of heartwood 
several feet thick. 

The eventual death of the xylem 
parenchyma cells and the associated change 
of sapwood into heartwood furnish another 
example of the general principle that the 
nonmeristematic cells of a multicellular 
plant body do not have an unlimited life. 
The specialization of structure and func- 
tion of the cells is always metabolically im- 
perfect, and sooner or later metabolic im- 
balances and the accumulation of‘ waste 
materials lead to death. Cells of the meri- 
stems largely avoid these difficulties by the 
constant production of new cells, so that 
the metabolic wastes are continuously dis- 
tributed away from the meristem. Unicel- 
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lular organisms commonly pass some of 
their wastes into the surrounding medium, 
often by means of contractile vacuoles, but 
perhaps even unicells would not be po- 
tentially immortal were it not for the dis- 
tribution of wastes resulting from cell di- 
vision. 

The appearance of lumber varies ac- 
cording to the direction in which it is cut 
(Fig. 24.10). Cross sections show concen- 
tric annual rings, with the rays forming 
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Fig. 24.11 Cross section of part of a two-year-old 
stem of tulip tree (Liriodendron tulipifera). Near 
each side is a wood ray extending to the pith; 
in the center is a wood ray that does not reach 
the pith; 7, wood of first annual ring; 2, wood of 
second annual ring; c., cork; ca., cambium; Be, 
parenchyma; ph., phloem; s., sclerenchyma fibers 
of the phloem. (X60.) (From W. H. Brown, The 


plant kingdom, copyright 1935 and 1963; courtesy 


of Ginn & Company, Boston.) 


lines at right angles to them. The vessels 
are often large enough to show as evident 


pores in a finer and denser matrix of tra-_ 


cheids, fibers, and parenchyma cells. 


the annual 
rings appear as parallel vertical bands, and 
the wood rays appear as broad ribbons 
crossing them at right angles. The individ- 
ual cells of the rays appear brick-shaped, 
with the long axis oriented with the ribbon, 
whereas most other xylem elements are 
vertically much elongate. Quarter-sawed 
lumber is sawed so as to obtain mostly 
radial and near-radial sections, after the 
log has first been cut into vertical quarters. 










young stem, this includes the epidermis, 
cortex, and primary phloem as well as the 
secondary phloem. In older stems, these 
tissues have generally been lost, and the 
bark consists wholly of secondary phloem 
plus the other tissues which have been 
formed in it. 

The secondary phloem is often a very 
complex tissue, with more or less regularly 
arranged zones of sieve tubes, parenchyma 
cells, and fibers. As in the xylem, the paren- 
chyma cells form horizontal rays and a 
more diffuse vertical system intermingled 
with the conducting elements. The phloem 
rays are generally continuous with the 
xylem rays, interrupted only by the cam- 
bium, and often some of them are notably 
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vertical strands, providing strength com- 
bined with flexibility. 

The first phellogen usually differen- 
tiates during the first year, not long (if at 
all) after the vascular cambium becomes 
active. ‘Typically some cortical paren- 
chyma cells just beneath the epidermis be- 
come meristematic and begin to function 
as a phellogen, but in different species the 
phellogen may originate in any of the tis- 
sues external to the cambium. In birches, 
beeches, and some other trees, the phel- 
logen forms a continuous sheath, but more 
often it is a series of overlapping concave 
scales. The phellogen and the tissues it 
produces are collectively called the peri- 
derm. 

The phellogen functions in much the 
same way as the vascular cambium, except 
that the two tissues it produces are cork 
(externally) and phelloderm (internally). 
In some species the phellogen cuts off cells 
only toward the outside, and no phello- 
derm is formed. Cork is also called phel- 
lem. Cork cells as we have noted, are 
suberized, and a layer of cork cuts off the 
water supply of all tissues external to it. 
These outer tissues die and finally slough 
off. The first layer of phellogen may per- 
sist and remain active for many years, as 
in beeches, but more often additional lay- 
ers develop from parcnchyma cells farther 
in, eventually in the secondary phloem, 
and the outer cork layers then also tend to 
slough off. , 











inner tissues from mechanical injury and 
re) loss of water. The live bark is generally 
actively ł he only a small fraction of an inch thick, but 
phloem fibers often form interconnected the dead bark of mature trees is often an 


wider than the others.’ 
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inch or so thick, or even as much as onc 
foot. 

The continued increase in thickness 
of the tree, due to cambial activity, causes 
the dead bark to rupture and fall off. Even- 
tually an equilibrium is reached, with the 
loss of dead bark from the outside about 
equaling the formation of new bark at the 
inside. The appearance of the bark of a 
mature tree depends in part on the dura- 
tion of the initial phellogen, the size and 
shape of the initial and later phellogen 
layers, and the degree of cohesiveness of 
the cells making up the cork layers. The 
pattern is often distinctive, and many spe- 
cies can be recognized from the bark alone. 

The dead bark of stems and roots 1s 
generally marked 





ticular parts of the phellogen. Very often 
the lenticels arise just beneath the sto- 
mates. The lenticel phellogen, which is 
continuous with the ordinary phellogen, 
produces cells at a relatively rapid rate, 
and the lenticel becomes slightly raised 
above the general surface of the periderm. 
Lenticels are typically lenticular (like a 
double-convex lens) in external outline, 
whence the name. They are usually ori- 
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ented vertically or horizontally on the 
stem, aceording to the species, and they 
vary from being barely visible to as much 
as | cm or even | inch long. In trees with 
deeply fissured bark, the lenticels are usu- 
ally the bottom of the fissures. It is thought 
that th 







Quercus suber, the cork oak, is the 
source of commercial cork. The tree is a 
native of the Mediterranean rcgion where 
it is also extensively cultivated. The cork 
accumulates in a continuous sheath around 
the trunk, from which it is stripped in 
large shects (Fig. 24.13) at intervals of 
about 10 years. Waterproof stoppers must 
be cut transversely to the lenticels, which 
extend all the way through the cork layer, 
from the phellogen to the surface, as visi- 
ble, brown, powdery streaks. 


HERBACEOUS MONOCOT STEMS 


The herbaceous monocot stem typi- 
cally has numerous small vascular bundles 
arranged in two or more rings, or scattered 
throughout the fundamental tissue. In the 
latter case there is neither a well-defined 


cortex nor a well-defined pith. The typical 
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Fig. 24.13 Left, harvesting cork; r 
Cork Company.) 
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monocot stele, with polycyclic or scat- 
tered bundles, is called an atactostele. The 
fundamental tissue is usually parenchy- 
matous, but often there is a collenchymatous 
or sclcrenchymatous layer not far from 
the epidermis, and some of thc vascular 
bundles may lie in this zone. The tissue 
just internal to the epidcrmis is often 
photosynthetic, not infrequently this 
chlorenchyma layer is interrupted at regu- 
lar intervals by vertical strands of scle- 
renchyma fibers just beneath the epider- 
mis. 

Usually only a small part of the tissue 
of the monocot stem is formed directly 
from the apical meristem. A primary thick- 
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ening meristem (Fig. 24.16), shaped like 
an inverted thimble, is continuous at the 
top with the small apical meristem. ‘The 
Icaf primordia and axillary buds originate 
from the apical meristem, but the thick- 
ening of the apical region of the stem is 
due chiefly to divisions in the cap of the 
primary thickening meristem. Activity of 
this meristem decreases progressively in 
the region of elongation (corresponding to 
the sides of the thimble) and usually 
ceases in the region of maturation or in 
the mature region. 

In a few herbaceous monocots, such 
as Aloe or Sanseveria, the thickening meri- 
stem continues to function more or less 


458 INTRODUCTORY BOTANY 





At e 
ia 


ive 


é 
x 


o: 


Sale eee 


Fig. 24.15 Segment of cross section of corn 
stem; b.s., bundle sheath; e., epidermis; mx., 
metaxylem; ph., phloem; p.x., primary xylem. 
(Courtesy CCM: General Biological, Inc., Chi- 
cago.) 





Fig. 24.14 Cross section of 
stem of corn (Zea mays), 
showing scattered vascular 
bundles. (Courtesy of E. J. 
Kohl, Lakeside Biological 
Products, Ripon, Wis.) 


indefinitely. In the mature rcgion of the 
stem, this meristem, which is continuous 
upward with the primary thickening 
meristem, is called the cambium. Unlike 
the cambium of dicots, it does not pass 
through the individual vascular bundles. 
The cambium of monocots produces par- 
enchyma and vascular bundles toward the 
inside, and usually only a small amount of 
parenchyma toward the outside. The vascu- 
lar bundles of monocots are called closed 
bundles (i.e., closed to further growth), as 
contrasted to the open bundles which char- 
acterize most dicots. 


WOODY MONOCOT STEMS 


Woody monocot stems have scat- 
tered or polycyclic vascular bundles, just 
as do herbaceous ones. The tissue in 
which the bundles are embedded charac- 
teristically becomes collenchymatous or 
sclerenchymatous, however, instead of re- 
maining largely parenchymatous. Some 
woody monocots, such as the palms, show 
little or no secondary growth, but others 
have a slow secondary growth of the type 
described above for some herbaceous 
monocots. Sometimes, as in species of 
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Yucca and Dracaena, the secondary tissues 
eventually constitute the major part of 
the stem. 

A few woody monocots develop a cork 
cambium and produce periderm in the 
same way as woody dicots. More often 
there is no definite phellogen, but scat- 
tered patches or distinct layers of cork 
are produced by the suberization of some 
of the cells near the surface of the stem, 
often after a series of preliminary cell 
divisions. 


EVOLUTION OF STEM TYPES 





peatedly in different groups of dicots. A 
few groups have reverted to the woody 
habit after having become herbaceous. 
The common sagebrush (Artemisia tri- 
dentata) of the western United States is a 
familiar woody plant that very probably 
had herbaceous ancestors. 

The herbaceous monocot stem, with 
polycyclic or scattered vascular bundles 


À 
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Fig 24.16 Left, diagram of 
characteristic dicot stem, in 
long section, with the pro- 
au cambium crosslined. Right, 
tii diagram of characteristic 
i monocot stem, in long sec- 
! tion, with the primary thick- 


Vi ening meristem cross- 
hatched. 


and no fascicular cambium, is evidently 
derived from the herbaceous dicot type. 
The woody monocot stem is derived from 
the herbaceous one by a change of the 
fundamental tissue from parenchyma to 
collenchyma or sclerenchyma, associated 
with the persistence of the stem ovcr a 
period of years. The wood of monocots is 
chiefly primary tissue, consisting of the 
vascular bundles together with the tis 





The vast majority of monocots 
are herbaceous, but the woody habit has 
been achieved in more than one group. 
The palms are the most familiar woody 
monocots, but some grasses (e.g., the 
bamboos, Fig. 34.20) are rather woody, 
and the familiar Joshua tree (Yucca 
brevifolia, Fig. 34.24) of the southwestern 
United States is a close relative of the 
lilies. 


MODIFIED STEMS 


‘THORNS 


A fairly common type of modified stem 
is the thorn, as seen, for example, on haw- 
thorns (Crataegus) (Fig. 24.17) and 
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Fig. 24.17 Twig of Crataegus (hawthorn), show- 
ing thorns (modified stems). (New York Botanical 
Garden photo.) 


honey locust- (Gleditsia triacanthos). 


Thorns differ from ordinary stems in that’ 


the terminal growth is limited; the apical 
meristem functions only briefly, after 
which it either sloughs off or matures into 
thick-walled, nonmeristematic cells. In the 
strictest sense, thorns, which are modified 


stems? should be distinguished from spines 


which are modified leaves, and prickles, 
which are mere outgrowths from the sur- 
face of stems or leaves. 


CLIMBING STEMS 


The stems of many kinds of plants 
climb on other plants or on rocks and walls. 
All these stems have in common a per- 
sistent tendency to grow erect but have not 
sufficient strength to do so unassisted. 
Plants with climbing stems are called vines 
or lianas; the term vine is also applied to 
trailing stems that otherwise resemble 
climbing vines. The least modified type of 





climbing stem is the rambler or scrambler, 
which merely leans on other vegetation, 
without being firmly attached to it. 
Scramblers (e.g., rambling roses) often 
have thorns or prickles which catch on 
nearby vegetation. 

Many vines, such as morning-glories, 
hops, and some beans, have twining stems 
(Fig. 24.18). Some species twine clock- 


wise, some counterclockwise, and some in 
elther direction. The growing tip of any 
young stem, whether climbing or not, 
moves slowly in a more or less spiral 
course, due to inequalities in growth. This 
phenomenon 1s called nutation. The nu- 
tation of twining vines is exaggerated, and 








Fig. 24.18 Twining stem of lima bean (Phaseo- 
lus limensis). (Photo courtesy of T. H. Everett.) 


once the young stem touches some solid 
object the twining is strongly accentuated. 
The cells on the side that makes contact 
shorten somewhat, and those on the other 
side quickly elongate, so that the stem 
tends to curl around the supporting object. 
The physiological mechanism of twining 
is not well understood, but the immediate 
change after making contact with the sup- 
port appears to be due largely to differences 
in turgor pressure of the cells, whereas the 
subsequent development involves differen- 
tial growth. The initial reaction commonly 
takes only a few minutes, sometimes less 
than a minute. 

Some vines have twining tendrils, al- 
though the main stem itself does not 
twine. Many tendrils are modified stems, 
but others are modified leaves or parts of 
leaves. In the common grape there is a 
tendril opposite each leaf. What appears 
to be the main axis of the stem is actually 
a succcssion of axillary branches (i.e., the 
stem is sympodial), and each tendril 1s 
really the terminal part of the stem from 
which the adjacent leaf and axillary shoot 
originated. Tendrils of Boston ivy (Par- 
thenocissus tricuspidata) have expanded 
adhesive disks at the tip. Tendrils of this 
type tend to grow into small crevices of 
the supporting structure, enabling the vine 
to climb on vertical brick and stone walls 
as well as on tree trunks. 

Poison ivy (Rhus toxicodendron and 
allied species) and some other vines pro- 
duce numerous adventitious roots which 
adhere to the supporting surface and en- 
able the plant to climb without twining. 
Adventitious roots are discussed in Chap- 
ter 25. 


PHOTOSYNTHETIC AND SUCCULENT STEMS 


Many ordinary herbaceous stems have 
some chlorenchyma toward the outer part 
of the cortex, supplementing the photo- 
synthetic activity of the leaves. In a much 
smaller number of species, the leaves are 
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very much reduced, and photosynthesis 
is carried on chiefly or wholly in the stem. 
In some of these plants, as, for example, 
the Scotch broom (Cytisus scoparius), the 
stem is not much modified and, except for 
its deep-green color, does not look very 
different from an ordinary stem. In others, 
such as Colletia (Fig. 24.19) and some of 
the cacti, some of the branches are strongly 
flattened and more or less leaf-like in ap- 
pearance. Flattened, photosynthetic stems 
are called cladodes, or cladophylls. 

Reduction of the leaves and trans- 
ference of the main photosynthetic ac- 
tivity to the stem is often associated with 
the succulent habit. Succulent stems, such 
as those of cacti, have a high proportion of 
parenchymatous tissue, which resists desic- 
cation because of the high concentration of 
certain colloids in the protoplasm and cell 
sap. Succulents are further discussed in 
Chapter 27. 


STEMS AS PERENNATING AND REPRODUC- 
TIVE STRUCTURES 


Reproduction which does not involve 
sexual processes is called vegetative repro- 
duction. Many angiosperms reproduce 
vegetatively as well as by forming seeds 
(whieh normally result from a sexual 
process). Leaves, stems, and roots may all 
carry on vegetative reproduction in various 
kinds of plants, but stems are much more 
often involved than roots or leaves. All 
the individuals derived by vegetative re- 
production from a single individual con- 
stitute a clone. Except for the possibility 
of mutations, all members of a clone are 
genetically identical. A few kinds of angio- 
sperms have lost the power of sexual re- 
production entirely and exist in nature 
only as clones. 












ls, is called a stolon. A very long 


slender, nearly leafless stolon, such as that 
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of the cultivated strawberry, is called a run- 
ner. The widely creeping, freely rooting 
stems of crab grass (Digitaria sanguinalis) 
might well be called stolons, although 
they do eventually turn up at the end. 

A creeping rhizome is essentially simi- 
lar to a stolon, except that it is under- 
ground. The leaves of rhizomes are gen- 
erally much reduced and, of course, with- 
out chlorophyll, commonly appearing as 
mere small scales at regular intervals. The 
roots may originate chiefly at the nodes or 
may be scattered along the whole length 
of the rhizome. 

Rhizomes may be relatively long and 
slender, as in Kentucky bluegrass and 
other sod-forming grasses, or..thickened 
and fleshy, as in Iris. Some slender 
thizomes have strongly thickened parts, 
especially at the end. These thickened 
parts are called tubers. The edible organ 
of the “Insh” potato (Solanum tuber- 
osum, a native of northern South Amer- 
ica), is aaee be rn 
tively little vascular tissue and a high 
proportion of parenchyma. The food 
stored in the parenchyma is used the fol- 


Fig. 24.19 Colletia cruci- 
formis, with the branch 
stems modified into clado- 
phy!ls. (New York Botanical 
Garden photo.) 





lowing year to give the new plant a quick 


start. 

A rhizome or stolon which is very 
short and produces a single new plant next 
to the parent plant is called an offset. 

Rhizomes are commonly perennating 
structures as well as means of reproduc- 
tion. The aerial stems of many herbs die 
down to the ground each fall and develop 
anew each spring from the rhizome. Often 
the rhizome is rather short, producing only 
one or a few aerial stems each year, and 
dying off behind as fast as it grows in 
front. Plants which perennate by rhizomes 
are potentially immortal. 

A very short, stout rhizome is some- 
times difficult to distinguish from a 
caudex, which is a short, more or less 
vertical (instead of horizontal) stem at or 
just beneath the surface of the ground, 
serving as a perennating organ from which 
new aerial stems arise each year. Some 
caudices have only adventitious roots, as 
do rhizomes, whereas others surmount a 
definite taproot. 

Some kinds of plants, especially 
among the monocots, perennate by corms 


or by bulbs. A corm is a very short, stout, 
erect underground stem, as in the crocus 
or the gladiolus (Fig. 24.20), in which 
food is stored. Often it is broader than 
high. At the end of the growing season, 
the corm goes into dormancy, and the 
other parts of the plant usually die. The 
corm may be covered by one or morte lay- 
ers of leaf bases (the remains of the foli- 
age leaves), but these are usually dead and 
dry, not serving_as.storage_organs. At the 
beginning of the new growing season, the 
corm sends down adventitious roots, and 
the terminal bud (sometimes also some 
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Fig. 24.20 Gladiolus corms. Below, 
side view of mature corm, with leaf 
bases, attached to the old corm of 
the previous year. Left, top view, after 
the leaves have been stripped off. 
(New York Botanical Garden photos.) 


ANGIOSPERMS: STEMS 463 


of the axillary buds) develops into the 
aerial flowering stem. As the season pro- 
gresses, One Or more new corms usually 
form from axillary buds of the old one, 
and it is these new corms which survive 
the winter. 

A bulb differs from a corm in that 
the principal storage organs are the thick- 
ened leaves (bulb scales) which surround 
the short, erect stem. The bulb scales may 
be very short, and differentiated from the 
foliage leaves, as in tulips and onions, or 
they may be the thickened bases of or- 
dinaty leaves, as in daffodils: A new bulb 
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may be produced each year, as in typical 
corms, or the same bulb may persist year 
after year, with the aerial flowering stems 
being produced from axillary buds. In non- 
botanical usage, the term bulb is com- 
monly extended to cover corms as well as 
true bulbs. 


ARTIFICIALLY INDUCED REPRODUC- 
TION BY STEMS 


LAYERING 


We have noted that modified stems 
often act as organs of vegetative reproduc- 
tion. Ordinary stems of many plants can 
also be encouraged to produce new plants. 
The simplest method of inducing repro- 
duction by stems is called layering. Some 
of the branches of a tree or shrub are bent 
down to the ground, and the tip, or a sec- 
tion near the tip, is covered with moist 





soil. Adventitious roots develop from the 
covered part, and new aerial stems arise 
from some of the axillary buds. The new 
plant may then be severed from the parent 
and transplanted. Hazelnuts and black 
raspberries are often propagated by lay- 
ering. 

Natural layering also occurs in some 
kinds of trees, espccially such conifers as 
spruces, hemlock, and arbor vitae, if some 
of the lower branches happen to be held 
down against moist ground for a time. 


CUTTINGS 


Many kinds of plants, both woody 
and herbaceous, can be propagated by 
cuttings (Fig. 24.21). A small stem is 
merely cut off and the cut end placed in 
water or moist soil. Adventitious roots 
develop from the covered part, and a new 
plant is established. Willows are very 
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Fig. 24.21 Vegetative propagation. Left, Wisteria, layering, showing roots formed when 
a portion of the stem is buried. Right, dumb cane, Dieffenbachia seguine, showing a 
cutting which has been rooted in sand. (Photos courtesy of T. H. Everett.) 


easily propagated by cuttings, as is also 
the cultivated Coleus. 

The formation of adventitious roots 
on a cutting can be encouraged by the 
application of indole-acetic acid, or any of 
several other chemicals, to the cut end. 
Indole-acetic acid is closely related to or 
identical with one of the normal growth- 
regulating substances produced by plants 
(see Chapter 33). Some other chemicals 
used to encourage rooting, such as carbon 
monoxide, are not apparently related to 
natural hormones, however. 


GRAFTING 


Most kinds of angiosperms can be 
reproduced by grafting (Fig. 24.22), but 
only the woody species are usually so 
treated. The cultivated varieties of most 
commercial fruit and nut trees are indi- 
vidual clones that are perpetuated by 
grafting. A twig (the scion) of one plant 
is transferred to the stem of another plant 
(the stock). Equivalent tissues of the 
scion and stock are juxtaposed, particular 
attention being paid to the cambium. The 
scion and stock are then bound firmly 
together and protected from evaporation 
while the living tissues have a chanee to 
grow together. The cambium of the scion 
and stock must unite if the graft is to be 
successful. Water conduction through the 
graft is likely to be impeded to some ex- 
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tent until the healed cambium produces 
a continuous sheath of new xylem. 

Customarily the stock is cut off just 
above the ground, while it is still rather 
small, and the scion is fitted to the cut 
end, so that little more than the root of 
a grafted tree represents the stock. The 
graft can also be made on a lateral branch, 
leaving most of the stock undisturbed; by 
making several such grafts one can grow 
several kinds of apples, for example, on 
ONE LICE. 

It is sometimes convenient to use 
merely a terminal or axillary bud, instead 
of a whole twig, as the scion. The base of 
the bud is inserted in a slit in the young 
bark of the stock. This type of grafting is 
often called budding. 

Twigs of most woody angiosperms 
can easily be grafted onto other individuals 
of the same species. Grafts of gymno- 
sperms, especially pines, are more difh- 
cult to make because of the resin which 
aecumulates at the cut surface and hin- 
ders the union of the scion and stock. 
Grafts between different species of the 
same angiosperm genus are usually pos- 
sible, and even different genera within the 
same family are often graft-compatible. 
Successful grafts between members of dif- 
ferent families are less common. 

Often the scion is grafted onto a stock 
of some other related species which has a 
more vigorous, or more disease-resistant, 


Fig. 24.22 Methods of 
grafting (A, B), and budding 
(C). 
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or otherwise more desirable root system. 
European grapes, for example, are cus- 
tomarily grafted to the roots of a related 
American grape, because of the much 
greater resistance of the latter to infesta- 
tion by the root louse, Phylloxera. Al- 
monds are commonly grafted onto peach 
stock, peaches on species of cherries, 
pecans and English walnuts on black wal- 
nuts, etc. 

Lilacs are often grafted onto privet, 
a related genus which roots readily from 
cuttings. This graft is not always wholly 
successful, however. The cambium of the 
scion and the stock may fail to join per- 
fectly, with the result that conduction of 
water through the graft is impeded, and 
the plants develop “graft blight” during 
periods of high evaporation. 

The scion and the stock of a grafted 
plant tend to retain their individual char- 
acteristics, but they also exert some influ- 
ence on each other. Hormones and other 
soluble substances pass freely back and 


forth. Atropine, an alkaloid produced by 
Jimson weed (Datura), accumulates in 
the fruits of tomatoes experimentally 
grafted to Jimson-weed stock. Dwarf vari- 
eties of various fruits are produced by 
grafting the regular varieties onto the 
stock of some smaller species. Dwarf 
apples, for example, are obtained by using 
quince as the stock. The grafted tree re- 
tains the relatively small, slow-growing 
root system of the quince, and growth of 
the top is therefore stunted. 
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GENERAL CHARACTERISTICS 


POSITION AND EXTERNAL MORPHOLOGY 


Roots are the characteristic under- 
ground organs of angiosperms and most 
other vascular plants. In contrast to stems, 
which typically grow away from the direc- 
tion of gravity, roots typically grow in the 
direction of gravity. Roots arc therefore said 
to be positively geotropic, whereas stems are 
negatively geotropic. Tropisms. (Greek, 
tropos, a turn) are further discussed in 
Chapter 33. 

Like stems, roots are usually subcylin- 
dric, tapering toward the tip. Because their 
direction of growth is also influenced by 
pebbles and other obstructions in the soil, 
and often by differences in moisture and 
other conditions as well, roots are usually 
much more crooked than stems. ‘This is 
particularly obvious in young slender roots; 
small kinks or bends may eventually be 
obscured as the root increases in thickness. 

Unlike stems, roots do not bear leaves; 
therefore they lack nodes and internodes. 
Branches of angiosperm roots originate 
from internal tissues (as explained on p. 
478) rather than from axillary buds as do 
branches of stems. There is some correla- 
tion between the position of the branch 
roots and the arrangement of the internal 
tissues, but there is nothing in the external 
structure to indicate the points at which 
the branches will appear. 

The apical meristem of a root is cov- 
ered by a special protective tissue, the 
rootcap, instead of being protected by 
young or modified leaves as in stems. The 
rootcap is typically less than 1 mm long, 
but in some free-floating aquatics, such as 
the water hyacinth (Eichhornia crassipes), 
it forms an elongate pocket more than 1 
cm long. It has been suggested that the 
rootcap of Eichhornia protects the young 
tissues from attack by aquatic insects. 
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FUNCTIONS 


The two principal functions of typical 
roots are anchorage and the absorption of 
water and minerals from the soil. Conduc- 
tion of water and minerals upward to the 
stem, being an implicit corollary of ab- 
sorption, 1s not always listed as a separate 
function. A third important function of 
many, but not all, roots is the storage of 
food. Other functions performed by van- 
ous types of specialized roots are discussed 


in the closing pages of this chapter. 
“A Toth function of roos that i 
often over insufficiently appreci 


ated is the 













species nitrogen ions onverted into 
organic nitrogen compounds before being 
translocated to the shoot. In different 
species, diverse other substances produced 
in the root are passed on to the shoot. 
Among these substances are the nicotine 
of tobacco, and various other alkaloids of 
other plants, as wẹll as possibly cytokinins 
and other hormones. Conversely, the roots 
depend on the shoot for photosynthate 
and miscellaneous necessary metabolites 
such as auxin, thiamin, and niacin. 


Tyres or Root SYSTEMS 


The nature of the root system (Fig. 
25.1) varies in different kinds of plants. 
Plants in whieh the primary root of the 
seedling eventually gives rise to most or all 
of the whole root system are said to have a 
primary root system. Plants in which most 
or all of thc roots develop adventitiously 
from underground stems, or from the base 
of the aerial stems, are said to have an 
adventitious root system. Among plants 












, ‘Mine root meter 
are gy also fibrous, with the roots all 
slender. Most vascular cryptogams and 
monocots, as well as a considerable num- 
ber of dicots (especially those with creep- 
ing rhizomes) have an adventitious root 
system. Many dicots and most gymno- 
sperms, on the other hand, have a primary 
root system, of either the taproot or the 
fibrous type. 

Different kinds of plants exploit dif- 
ferent levels in the soil. Most cacti have 
very shallow roots, forming a densely 
branching fibrous system in the upper few 
inches of soil, sometimes for as much as 
50 feet in all directions from the stem. The 
common sagebrush of the western United 
States (Artemisia tridentata) has a deep 
taproot as well as an extensive system of 
branches near the surface. The roots of 
grasses are usually rather shallow; most of 
the roots of the common lawn grasses are 
in the upper few inches of soil, and the 
dense sod which they form can be peeled 
in a layer only 3—4 inches thick. In a num- 
ber of common erop plants, the principal 
development of the root system is at a 
depth of 3-5 feet, soil permitting. Few 
trees have root systems more than 10 feet 
deep, and many are much shallower, al- 
though cottonwoods are reported to pene- 
trate more than 20 feet in some sites. 
Alfalfa has a very deep root system, often 
penetrating more than 20 feet or even as 


ANGIOSPERMS: ROOTS 469 


Fig. 25.1 Types of root sys- 
tems. A, B, primary; C, D, ad- 
ventitious. A, tap; 8, C, D, 
fibrous. 


much as 50 feet, exploiting the water sup- 
ply so vigorously that it may lower the 
water table and make subsequent cultiva- 
tion of other crops difficult until the soil 
has had some years to recover. 

The depth of penetration of roots is 
influenced by the nature of the soil and by 
other environmental conditions, as well as 
by their inherent tendencies. A hardpan 
or a layer of rock may block further 
growth. Soils saturated with water do not 
have enough oxygen to support the root 
growth of most plants, and roots do not 
generally descend ‘below the lowest level to 
which the water table sinks during the 
growing season. Roots of hydrophytes 
(plants especially adapted to wet places or 
open water) are not checked by the water 
table, however. Conversely, roots of most 
plants will not grow through very dry soil, 
and the depth of root growth in dry re- 
gions may be governed in part by the 
depth to which the soil is moistened by 
rain. Some xerophytes (plants adapted to 
dry conditions) have very deep taproots, 
however, the roots penetrating many feet 
of dry soil before reaching a moister zone. 

The development of the root system is 
also. influenced by differences in the 
amount of water at different levels or in 
different areas of soil. The best develop- 
ment and most extensive branching of the 
roots generally occurs in soil which is moist 
but not saturated. Cultivated plants may 
be encouraged to develop relatively shallow 
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or relativcly dcep root systems, according 
to whether they are watered frequently 
and lightly or less often and more heavily. 
Sewer pipes, furnishing a combination of 
abundant maisture and adequate aeration, 
provide a favorable habitat for root 
growth, especially of species adapted to 
moist or wet soils. Roots of trees often 
penetrate joints in the pipes and prolifer- 


ate so extensively as to interfere with. 


water flow. Willows and sycamores are 
notorious in this regard. 

Competition with other plants in- 
fluences both the lateral and vertical ex- 
tent of root systems. This is especially evi- 
dent when the competition comes from 
other individuals of the same species, 
which have similar needs and potentiali- 
ties. Crop plants have deeper and less 
widespread root systems when crowded 
than when more widely spaced. The root 
systems of adjacent plants do overlap and 
intermingle, but the lateral spread of each 
tends to be checked by the desiccation of 
the soil brought about by the already es- 
tablished roots of the adjacent plants. 
Vertical development, exploiting areas not 
already oceupied by roots of other plants, 
is thus encouraged. The same sort of re- 
sponse has been observed in tree planta- 








tions. The roots of isolated or widely 
spaced trees, on the other hand, often 
extend far beyond the spread of the crown. 


Com 


PRIMARY TISSUES AS. CAL 


Primary GROWTH 


Growth in length of roots is governed 
by an apical meristem, much as in stems, 
although the detailed anatomy of the 
meristem is different. The apical meri- 
stem of roots is really subapical rather 
than truly apical, being covercd by a root- 
cap. The organization of the initials and 
other cells in the apical meristem varies in 
different kinds of roots (Fig. 25.2). In the 
simplest situation, shown by some ferns 
and other vascular cryptogams, thcre is a 
single apical initial, which gives nse to the 
rootcap as well as to the other primary tis- 
sues. Angiosperm roots usually or always 
have a number of initials. In some, such as 
the common onion (Allium cepa), there 
is a single layer of initials which gives rise 
to both the rootcap and the other primary 
tissues. In many others there are two, or 
more often three, layers of initials, each 
layer giving rise to a particular part or parts 


Fig. 25.2 Position of the initial 
cells in the apical meristem of 
roots of various types of an- 
giosperms. (Adapted from Esau, 
Plant anatomy, 1953; courtesy 
of John Wiley & Sons, New 
York.) 


of the root. The middle layer, in such 
meristems, produces new cells around its 
margin. In the commonest type (especially 
among the dicots) the layer farthest 
from the tip gives rise to the central cyl- 
inder, the next layer to the cortex, and the 
third to the rootcap and epidermis. In 
many monocots the distal layer of initials 
gives rise only to the rootcap. This layer 
and its immediate derivatives are then col- 
lectively called the calyptrogen (from 
Greek kalyptra, a cap). 

The rootcap is composed of living 
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parenchyma cells. The cells near its outer 
surface generally have mucilaginous walls. 
The mucilage apparently acts as a lubmi- 
cant, easing the progress of the root tip 
through the soil. The outer cells of the 
rootcap are continually being sloughed off 
and lost, and the walls of the next layers 
of cells in turn become mucilaginous. ‘The 
sloughed off cells are at first commonly 
intact and turgid; it is the mucilaginous 
wall rather than a crushed or degenerating 
protoplast that furnishes the primary lubri- 
cant The rootcap cells next to the devel- 
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Fig. 25.3 Diagram of a long 
section of a root tip. 
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oping young epidermis also have mucilagi- 
nous walls, permitting a sliding adjustment 
of position. 

The primary tissues of the root are 
derived from the apical meristem by cell 
division and subsequent differentiation. 
The successive zones (Fig. 25.3) behind 
the apical meristem are: (1) the region of 
elongation, (2) the region of maturation, 
(3) the region of mature primary tissues, 
and (4) in many roots, the region of sec- 
ondary tissues. 

The region of elongation is usually 
only a few (1-10) mm long, in contrast 
to the same region in stems, which is com- 
monly several centimeters long. It is char- 
acterized by enlargement—especially elon- 
gation—of the cells. A relatively small 
number of cell divisions and the begin- 
nings of differentiation of the various cell 
types also occur in this region. Only a few 
protoxylem and protophloem elements ma- 
ture in the region of elongation, and the 
proportion of annular and spiral elements 
in roots is generally less than in stems. ‘The 
region of elongation merges at one end 
with the apical meristem and at the other 
with the region of maturation. 





The region of maturation is usually 
l to several centimeters long. Hcre the 
cells, having reached essentially full size, 
gradually assume their mature form and 
function. The region of maturation 1s 
often known as the root-hair zone, because 
of the charactcristic root hairs (Fig. 25.5) 
borne by many of the epidermal cells. 
Each root hair originates as a bump on an 
epidermal cell and elongates to form a 
projection often several millimeters long. 
It is cylindrical in form, but commonly 
bent this way and that in its passage 
among the soil particles. Root hairs may 
be regarded as a means of increasing the 
absorbing surface of the root. This view 
was formulated by the German botanist 
Franz Meyen (1804-1840) in 1838. The 
nucleus usually moves from the body of 
the cell out into the root hair, and this 
change of position may be correlated with 
the absorbing function of the hair. 

It is convenient to regard the begin- 
ning of root-hair formation as the divid- 
ing line between the region of elongation 
and the region of maturation. Certainly no 
significant elongation occurs after the root 
hairs have begun to form; if it did, they 


Fig. 25.4 Micelles of the 
cell wall at junction of re- 
gion of elongation and re- 
gion of maturation (lower 
right). (Electron micrograph 
courtesy of F. M. Scott.) 
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Fig. 25.5 Left, development of root hairs in millet (Panicum miliaceum). (xX 400.) 
Right, radish seedling, showing root hairs grown in moist air. (X1-1/3). From W. H. 
Brown, The plant kingdom, copyright 1935 and 1963; courtesy of Ginn & Company, 


Boston.) 


would be shearcd off by the movement of 
the root through the soil. Root hairs may 
occur on all epidermal cells in the root- 


hair zone, or on only some of them, dc- 
cording to the species, and the cells on 
which they occur may or may not be other- 
wise obviously different. from those on 
which they do not. Often there are several 
hundred root hairs for every square milli- 
meter of the epidermal surface from which 
they originate. 

Root hairs have a limited life span, 
often only a few days, seldom more than 
a few weeks. Sometimes they persist until 
the secondary tissues formed in the root 
cause the outer tissues to slough off, but 
often they degeneratc even before the for- 
mation of secondary tissues. Even when 
they are present in the region of mature 
primary tissues, they have frequently be- 
come nonfunctional. 

The formation of root hairs is gov- 
erned partly by the environment, as well 
as by heredity. In water or in saturated 


soil they often do not develop at all. Myco- 
rhizal roots (see pp. 483-486) usually 
have few or no root hairs. 


ANATOMY OF PRIMARY TISSUES 


In the zone of primary permanent tis- 
sues, before any secondary tissues have 
been formed, a cross section of a typical 
root (Fig. 25.6) shows a solid stele, sur- 
rounded successively by the pericycle, the 
endodermis, the cortex, and the epidermis. 
The xylem of the stele commonly forms 
a deeply ridged and grooved central strand. 
In cross section it tends to be roughly star- 
shaped, with scveral arms radiating from 
a common center. According to the num- 
ber of these arms, the root is said to be 
diarch, triarch, tetrarch, pentarch, or poly- 
arch. Most dicot roots are diarch, triarch, 
or tetrarch, but many monocot roots (Fig. 
25.7) are polyarch. ‘The protoxylem is at 
the tips of the arms, and maturation pro- 
gresscs toward the center. In some roots, 
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especially those of polyarch monocots, the 
central cells remain parenchymatous in- 
stead of differentiating into xylem. Such 
roots may properly be said to have a pith. 

Steles in which the xylem matures 
from the outside toward the center are 
said to be exarch, or to have exarch xylem. 
Roots of all groups of vascular plants, 
when present, have exarch xylem, but 
exarch xylem in stems is restricted to some 
of the vascular cryptogams, especially the 
lycopods and _ psilotophytes. Steles in 
which the xylem matures from the inside 
toward the outside are said to be endarch. 
The stems of all, or nearly all, angio- 


Fig 25.6 Cross sections of 
buttercup (Ranunculus) root, 
showing central cylinder and 
part of the surrounding cor- 
tex. In the upper picture, 
the protoxylem is mature, 
but the metaxylem remains 
thin-walled. In the lower 
picture, representing a more 
mature stage, the metaxylem 
as well as the protoxylem is 
mature, and strands of 
phloem can be more clearly 
seen alternating with the 
arms of xylem. The cells of 
the cortex show numerous 
dark-stained starch grains. 
(Courtesy CCM: General Bio- 
logical, Inc., Chicago.) 


sperms and most gymnosperms have 
endarch steles. Mesarch steles, with ma- 
turation progressing in both directions, 
occur chiefly among some of the ferns. 
Exarch steles with a solid core of protoxy- 
lem are called protosteles. The protostele 
is believed to represent the most primitive 
type of stele. Roots of all divisions of 
vascular plants (when present) tend to 
retain the protostelic structure, but stems 
of all but the more primitive groups have 
become more or less modified. 

The primary phloem of the root 
forms a series of separate strands alternat- 
ing with the ridges or arms of primary 





Fig. 25.7 Cross section of an onion root, show- 
ing central cylinder, cortex, and epidermis. 
(Courtesy CCM: General Biological, Inc., Chi- 
cago.) 


xylem. The protoxylem and the primary 
phloem are thus on alternate radii, instead 
of on the same radii as they are in stems. 













The phloem of roots ordinarily con- 
tains some parenchyma cells as well as 
sieve tubes and companion cells, and usu- 
ally there are one or more layers of 
parenchyma between the phloem and the 
xylem. Some of these cells separating the 
phloem from the xylem may eventually 
mature into a cambium, or they may re- 
main permanently parenchymatous, de- 
pending on the species. é 






The stele of a root is usually delimited 


by a definite endodermis. Usually there 
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is a thin, parenchymatous layer, one or a 
few cells thick 

















O 


C} The pericycle is important chiefly 
as the tissue in which branch roots com- 
monly onginatc (see p. 478). Because of 
its close ontogenetic relation to the vas- 
cular tissue, the pericycle is usually con- 
sidered to be the outermost layer of the 
stele; for a similar reason the endodermis 
is considered to be the innermost layer of 
the cortex. The endodermis has such a 
characteristic structure and distinctive 
probable function, however, that it is usu- 
ally treated separately from the remainder 
of the cortex. 

The endodermis (Fig. 25.8) forms a 
continuous sheath, one cell thick, without 
intercellular spaces. ‘The cells are typically 
six-sided and nearly brick-shaped, with the 
longest axis vertical (parallel to the axis 
of the stele) and the intermediate axis 
tangential to the stelar surface. The tan- 
gential walls are usually bulged, so that 
the cell may look more nearly elliptical 
than rectangular in cross section. 

The two tangential walls of an endo- 
dermal cell (those which abut on the peri- 
cycle and the cortex) usually have no spe- 
cial features, but the four radial walls 
have a modified area, the Casparian strip, 
which completely eneircles the cell. Atten- 
tion was first called to these strips in 1865- 
1866 by the German botanist J. X. Robert 
Caspary (1818-1887). The Casparian strip 
may be very narrow, or it may extend the 
whole width of the radial wall. Usually it 
is thickened, and whether thickened or 
not it is generally impregnated with a waxy 
substance similar to subcrin. This sub- 
stance may also be chemically allied to 
lignin, since it takes some of the same 
stains whcn sections are prepared for 
microscopic study; it has thercfore been 
called lignosuberin. 


The Casparian strips tend to inhibit 
the passage of water and solutes through 
the radial walls of the endodermal cells. 


thic 
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In order to move between the stele and 
the cortex, substances must therefore pass 
through the tangential wall, into the cy- 
toplasm, and out the other tangential wall. 
The movement of materials between the 
stele and the cortex is thus subjected to 
protoplasmic control. This may be of some 
significance to root pressure, as noted in 
Chapter 27. The cytoplasm of the cell 
tends to rcmain firmly attached to the 
Casparian strip, even when plasmolyzed 
so that it shrinks away from the rest of 
the wall. This affinity is believed to have 
some functional significance, although the 
mechanism is obscure. 

The degree of development of the 
Casparian strips differs markedly in differ- 
ent kinds of plants, and there is probably 
some chemical variation as well. Prob- 
ably in some species they have lost what- 








A suberin layer is deposited over the entire 
inner surface of the wall, on the tangential 
as well as the radial faces, covering and 
often obscuring the Casparian strip. A 
thick cellulose wall is often then formed 
internal to the suberin layer, and this inner 
wall may become lignified. 

At any given level in the endodermis 
these changes usually start opposite the 









Fig 25.8 Structure of the en- 
dodermis. Left, a single cell, 
showing only the wall. Top 
right, cross section of part of 
endodermis, with cortex above 
(outside) and pericycle below 
(inside). Bottom right, same as 
above, but with the cells plas- 
molyzed, showing the attach- 
ment of the cytoplasm to the 
Casparian strips; c., Casparian 
Strip. (Adapted from Esau, Plant 
anatomy, 1953; courtesy of 
John Wiley & Sons, New York.) 


phloem and progress gradually toward the 
protoxylem points. Often there is a stage 
at which the cells facing the phloem have 
become thick-walled, while the cells facing 
the protoxylem points remain thin-walled, 
with Casparian strips. Under such condi- 
tions the transfer of materials between the 
stele and the cortex is probably limited to 
these thin-walled passage cells. The pas- 
sage cells may persist throughout the life 
of the root, or they may finally become 
thick-walled like the other endodermal 
eells. 

The cortex of a root usually consists 
largely of parenchyma, often with some 
sclerenchyma as well, seldom with any 
collenchyma. The sclerenchyma frequently 
forms a complete cylinder near the epi- 
dermis, or just outside the endodermis. 
Laticifers or resin ducts are present in 


many species. — 
Ning eo of gymnosperms and 


angiosperms, especially monocots, have a 
special type of hypodermis, 













The exodermis 
consists of living cells and is ontogeneti- 
cally part of the cortex. Exodermal cells 
commonly have a suberin layer just inside 
the primary wall, and they often have a 
thick cellulose secondary wall which may 
become lignified. The exodermis of some 
species has Casparian strips like those of 
the endodermis, instead of a complete 
suberin layer. Often the development of 





an exodermis, or of a sclerenchymatous 
layer just beneath the epidermis, is fol- 
lowed by death and decay of the epi- 
dermis. 

The epidermis of roots generally eon- 
sists of a single layer of thin-walled, elon- 
gate, living cells without intercellular 
spaces. The formation of root hairs by 
epidermal cells has already been noted. 
Young epidermal cells with root hairs lack 
a cuticle. Older epidermal cells often de- 
velop a cuticle and may become thick- 
walled and even lignified as well. Fre- 
quently the outer wall is thickened or 
cutinized without any change in the other 
walls. 


SECONDARY TISSUES 


SECONDARY GROWTH 






Among dicots, secondary growth varies 
from vigorous to scanty or none. Dicot 
trees and shrubs regularly have woody 
roots with well-developed secondary 
growth. Perennial herbs with little or no 
secondary growth in the stems sometimes 
have woody roots; conversely, herbs, such 
as goldenrod (Solidago), with vigorous 
secondary growth in the stem, may have 
an adventitious root system in which there 
is little if any secondary growth. Adventi- 
tious roots in general seldom show signifi- 
cant secondary growth, except for the ad- 
ventitious prop roots of some trees, such 
as banyan (Ficus benghalensis) and man- 
erove (Rhizophora). 

Secondary growth in roots and stems 
is essentially similar. The cambium de- 
velops between the xylem and phloem, 
producing secondary xylem internally and 
secondary phloem externally. In roots the 
cambium internal to the primary phloem 
develops first, by differentiation of paren- 
chymatous cells of the procambium. The 
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vertical strips of cambium widen progres- 
sively by differentiation of procambial cells 
farther and farther toward the protoxylem 
points. Eventually the strips meet and join 
around the ends of the xylem arms, form- 
ing a continuous sheath. The cambial cells 
immediately adjacent to the protoxylem 
points are generally formed by division 
from the innermost (or only) layer of cells 
of the pericycle, rather than by a mere 
change in the activity of previously exist- 
ing cells. The activity of the cambium 
internal to the primary phloem soon fills 
in the hollows between the ridges of pri- 
mary xylem, and thereafter the xylem 
forms an essentially cylindrical core. 


ANATOMY OF SECONDARY TISSUES 


As compared to stems, the xylem of 
roots tends to have larger and more numer- 
ous vessels with thinner walls, as well as 
fewer fibers, more parenchyma, and more 
abundant rays. The phloem has less scle- 
renchyma and more storage parenchyma. 
The cambium opposite the protoxylem 
points commonly produces wide vascular 
rays. These differences between stems and 
roots are correlated with differences in 
their functions. lly- 
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Annual rings are usually less pro- 
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beneath the surface does not get as hot 
as the air during summer, and the roots, 
being closer to the source of supply, are 
less subject to water deficit than stems. 
Long-lived woody roots develop a distinct 
core of heartwood surrounded by sapwood, 
just as in stems. 

Most perennial roots, especially those 
with an active cambium, sooner or later 
develop a periderm. The cork cambium 
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typically originates in the pericycle as a 
solid sheath, forming a continuous layer 
of cork, along with some internal phello- 
derm. All tissues external to the cork then 
die and decay. In many roots a single cork 
layer persists indefinitely. In others new 
phellogens are formed progressively far- 
ther into the secondary phloem, as in 
stems. The periderm of roots, like that of 
stems, has scattered lenticels. Environ- 
mental conditions of the soil are conducive 
to rapid decay of dead tissues, and even 
long-lived woody roots seldom produce a 
thick bark like that of many stems. 


BRANCH ROOTS 


ORIGIN 


Roots which originate as branches of 
other roots are called secondary roots. The 
primordia which give nse to secondary 
roots, unlike those which give rise to 
branches of stems, generally originate 
some distance behind the apical meristem, 
typically in the region of maturation. ‘They 
may also develop in the mature region, 
and, in free-floating aquatics such as 
Eichhornia, they are sometimes formed in 
the region of elongation. 





The root primordia nearly always 
originate internally, typically in the peri- 
cycle. Some cells of the pericycle become 
meristematic and by a series of divisions 
produce the apical meristem of a branch 
root. The endodermis sometimes also con- 
tributes to the formation of the new api- 
cal meristem, especially when this process 
occurs before the endodermal cells have 
matured and developed Casparian strips. 
The new apical meristem soon develops a 
rootcap, and the branch root (Fig. 25.9) 
pushes its way through the outer tissues of 
the root into the soil. It is not yet certain 
whether the branch root partly digests its 
way tnrough the cortex, or whether the 
penetration is entirely mechanical. In 
mature roots, from which the pericycle has 
sloughed off, branches commonly originate 
in the cambium. 

Adventitious roots borne on stems 
usually originate internally in much the 


same way as secondary roots. In young 
stems the root primordium commonly 


develops in the interfascicular, paren- 
chyma, i.e., the medullary rays. In older 
stems it may develop near the cambium in 
a vascular ray, or in the cambium itself. 
Stem-borne adventitious roots are re- 
stricted to the nodes in many species, but 
in Others they occur along the internodes 
as well. 


Fig. 25.9 Origin of a branch 
root in wilow (Salix). 
(Courtesy of E. J. Kohl, 
Lakeside Biological Products, 
Ripon, Wis.) 


ARRANGEMENT 


Branch roots are not so regularly 
arranged as leaves and axillary buds, and 
what arrangement there is tends to be 
obscured by the twisting and turning of 
the root as it grows through the soil. 
When plants are grown in water or loose 
soil, it can generally be seen that the 
secondary roots are in vertical rows. Tri- 
arch roots typically have three rows of 
branches, tetrarch roots typically have four 
rows, etc. Usually the branches are directly 
opposite the protoxylem points, but in 
grasses, sedges, rushes, and some other 
plants, they are opposite the strands of 
primary phloem instead. Diarch roots 
sometimes have four rows of branches, one 
row a little to each side of protoxylem 
ridge. 


NuMBER 


The root system of an angiosperm or 
other vascular plant is ordinarily much 
branched, with numerous small ultimate 
branches. A single plant of rye (Secale 
cereale), after 4 months of growth in a 
box containing less than 2 cubic feet of 
soil, had nearly 14,000,000 roots and over 
14,000,000,000 root hairs. ‘The combined 
length of the roots was 387 miles, and of 
the root hairs about 6000 miles. ‘The total 
surface of the root hairs was over 4000 
square feet, and the total surface of the 
remainder of the root system more than 
2500 square feet. A single cubic inch of 
soil in which blue grass (Poa pratensis) 
was growing has been estimated to have 
1,000,000 root hairs and 65 square inches 


of root surface, with the root system mak- 


ing up 2.8 per cent of the volume of the 
soil. 

The intricate branching and larg 
surface area of the root system are signi 
cant both in anchoring the plant and 1 
exploiting the supply of water and mine 


als in the soil. A concomitant result is that ` 
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the soil itself is held in place. The value of 
a plant cover in minimizing soil erosion 1s 
well known. 


REPLACEMENT 


The smaller branches of the root sys- 
tem of perennials often die in the fall, 
being replaced by new branches the next 
year. These annual branches, which en- 
able the plant to exploit the same soil year 
aftcr ycar, are often called feeder roots. 
Without some such device, the root sys- 
tem would soon become inefficient, being 
forced either to grow farther and farther 
away from the base of the stem, or to so 
fill the soil with intricate branches that 
the absorbing parts would scarcely have 
room to operate. Perennials with creeping 
rhizomes meet this same problem in a 
different way, the rhizome and its ad- 
ventitious roots eventually dying off be- 
hind, so that the plant gradually changes 
its position, migrating through the 
soil. i 


COMPARISON OF ROOTS AND STEMS 


The outstanding differences between 
typical roots and typical stems of angio- 
sperms are shown in the table on the next 
page. 

None of thcse differences is absolutely 
constant, but some are more subject to 
exception than others. The first four listed 
differences hold for typical roots and stems 
in all groups of vascular plants which have 
these organs. Almost all roots have root- 
caps, and stems never have them. Almos 
all stems have leaves, and roots almost 
never have them. ‘The position, functions, 
and the response to gravity are less co 
stant. There are many horizontal stems as 
well as horizontal roots, and many subter- 
ranean stems as well as a considerable 
number of aerial roots. Even when the 
primary root is strongly geotropic, t 
secondary ones may be much less so. 
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ROOTS STEMS 

. Principal functions: anchorage and absorp- Principal functions: support and display of 

tion the leaves 

2. Positively geotropic, undcrground Negatively geotropic, aerial 

3. Rootcap present Rootcap absent 

4. Leaves absent; no nodes and internodes Leaves prescnt, regularly arranged; nodes and 

internodes present 

5. Branches originate internally, at irregular Branches originate superficially, from axillary 
intervals buds 

6. Protoxylem and primary phloem strands ar- Protoxylem and primary phloem strands ar- 





ranged on alternate radii, not forming vas- 
cular bundles 

7. Protostelie, with exarch xylem and without 
a pith 


8. Endodermis present 


The last four listed differences hold 
for most angiosperms, but they are not 
necessarily true of other groups of vascular 
plants. The several anatomical differences 
between roots and stems have evolved 
gradually. Branching of lycopod roots 
is commonly dichotomous, like that of the 
stems. In their exarch xylem, as well as in 
the presence of an endodermis and the 
absence of a pith, roots of angiosperms 
resemble both roots and stems of the more 
primitive vascular plants. The usual ab- 
sence of pith in roots 1s correlated with the 
regularly exarch (centripetal) differentia- 
tion of the xylem. As the root becomes 
more and more mature, the parenchyma- 
tous core is progressively reduced by the 
differentiation of its marginal cells into 
xylem elements, and the xylem thus comes 
to form a solid core. In many species, 
however, especially among the monocots, 
differentiation of the xylem elements does 
not proceed to the center, and there re- 
mains a parenchymatous pith. Angidsperm 
stems, on the other hand, are regularly 
endarch; even when the vascular bundles 
are scattered, the xylem nearest the center 
of the stem is generally the first to mature 
in each bundle. 


ranged on the same radii, forming vascular 
bundles 


Eustelic or atactostelic, with endarch xylem, 


and either with a pith or with the vascular 
bundles scattered 


Endodermis absent 


ROOT-STEM TRANSITION 


Inasmuch as the primary vascular tis- 
sues of roots are organized differently from 
those of stems, there must be a transition 
region (Fig. 25.10) in which these tissues 
are rearranged. Typically the transition 
occurs in the hypocotyl (the part of the 
axis between the top of the root and the 
cotyledon(s) of the seedling). In plants in 
which the cotyledons are never brought 
above the ground, the hypocotyl generally 
remains very short, and the transition 
region then often extends through one 
or more internodes of the stem. Most 
monocots and a few dicots (e.g., Pisum 
sativum, the garden pea) are of this lat- 
terpe 

The series of intermediate stages by 
which the rearrangement is accomplished 
differs in different species. Often the pro- 
toxylem ridges of the root are continuous 
with the cotyledonary traces, and the dif- 
ferentiation of metaxylem at progressively 
higher levels in these traces changes from 
strictly centripetal to centripetal in two 
diverging arms (the arms from the differ- 
ent protoxylem ridges no longer meeting 
in the center), to lateral in two diverging 





arms, to angularly centrifugal in two di- 
verging arms, to centrifugal in a single 
mass (see Fig. 25.10). Concomitantly, the 
phloem strands between the xylem arms 
split and the separated halves become 
individually associated with the xylem 
strands to each side. Eventually the two 
phloem strands from opposite sides of the 
xylem strand meet and join directly cen- 
trifugal to the metaxylem, and a normal 
vascular bundle with exarch xylem is 
formed. 

The cauline bundles may arise as 
branches of the cotyledonary bundles, or 
they may extend well down into the hypo- 
cotyl and have their own attachment. 
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Fig. 25.10 Vascular anatomy of 
the root-stem transition region, 
from that of the root (A) to 
that of the stem (H), in a plant 
with diarch xylem in the root: 
mx., metaxylem; ph., phloem; 
px., protoxylem. 


When the first cauline bundles differenti- 
ate very early, they may attach directly to 
the primary xylem and phloem of the 
hypocotyledonary axis, in the hollows be- 
tween the xylem arms. At the lower end 
of such a bundle, the xylem matures first 
at the two sides, the direction of matura- 
tion thus corresponding to that in the 
two adjoining xylem arms. A shift in the 
position of the two protoxylem points of 
the bundle, resulting in their fusion at the 
inner edge of the bundlc, is all that is 
necessary to complete the transition in 
such types. 

When the first cauline bundles do not 
differentiate until after secondary growth 
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has already started in the hypocotyl, they 
may attach dircctly to the secondary tis- 
sues derived from the cambium. In any 
case the cambium of the root, the hypo- 
cotyl, and the stem is ordinarily continu- 
ous, and the formation of secondary tis- 
sues in these organs follows a common 
pattern. 


MODIFIED ROOTS 


STORAGE Roots 


Most roots store some food as well as 
serving in anchorage and absorption. Car- 
bohydrates, especially starch and sucrose, 
are the food usually stored. Sugar beets 
commonly contain 15-20 per cent sucrose. 

One of the commonest types of modi- 
fied root is the fleshy storage root (Fig. 
25.11). Many biennials produce a fleshy 
storage taproot during the first year and 
use up the stored food the following year 
when flowers and seeds are formed. Car- 
rots, beets, parsnips, turnips, and radishes 
are familiar examples, although some of 
these may be induced to mature the first 
year. In many plants with fleshy taproots, 
including carrots and beets, the fleshy 
structure includes the hypocotyl as well as 
the root proper, and the two parts can be 
distinguished only by careful anatomi- 
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Fig. 25.11 Fleshy taproots of beet (left) and 
carrot (right). (New York Botanical Garden 
photos.) 
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Fig. 25.12 Tuberous roots of dahlia. (New York 
Botanical Garden photo.) 


cal study. The hypocotyl is the principal 
part of the fleshy structure of globe 
radishes. 






reference to their superficial similarity to 
tubers. In plants such as water hemlock 
(Cicuta), a highly poisonous relative of 
the parsnip, tuberous roots are storage 
organs, without any reproductive function. 
In sweet potatoes (Fig. 25.13) and some 
other plants, however, they are reproduc- 
tive organs, producing adventitious stems 
from internal tissues the following year. 

All storage roots have in common an 
abundance of parenchyma which is thor- 
oughly permeated by vascular elements. In 
carrots the cortex is sloughed off in the 
normal way after the formation of a thin 
periderm, and there is a massive develop- 
ment of parenchyma in the xylem and 
phloem. In carrots grown under poor con- 
ditions, the woody nature of the central 
core is often quite apparent. In turnips 
and radishes the xylem parenchyma pro- 
lifcrates and differentiates scattered con- 
centric vascular bundles. In sweet pota- 
toes, the primary and secondary xylem are 
both highly parenchymatous, and anoma- 
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Fig. 25. 13 "n root of sweet potato (/po- 
moea batatas), producing roots below and ad- 
ventitious stems above. (Photo courtesy of T. H. 
Everett.) 


lous cambia develop around individual 
vessels or groups of vessels, producing 
parenchyma-rich xylem centripetally and 
parenchyma-tich phloem centrifugally. 
Beets and sugar beets produce successive 
supernumerary cambia outside the normal 
vascular core; the concentric rings seen in 
cross section represent the growth layers 
formed by the successive cambia. 


CONTRACTILE Roots 


Many herbaceous perennial monocots 
and dicots, as well as some gymnosperms, 
have contractile roots. The bulbs of li- 


liaceous p 









thicker, and frequently more crowded 
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which have their leaves all or mostly at 
the ground surface contract year after 
year, so that the slight terminal growth of 
the stem each spring does not bring the 
crown much above the ground level. In 
seedlings the hypocotyl as well as the 
young root may contract, returning the 
cotyledons to near the ground after they 
have been raised some distance into the 
air. Root contraction may also have some 
significance in countering the effect of 
frost heaving in cold climates. 

Some, all, or none of the roots may 
be contractile, depending on the kind of 
plant. Often the contractile roots are 
obviously specialized as compared to the 
noncontractile roots on the same plant. 
The mechanism of contraction varies. 
Typically it involves a shortening and 
thickening of the parenchyma cells, so that 
the mature xylem elements assume a 
sinuous course. These changes may be ac- 
companied by the death and degenera- 
tion of scattered groups of parenchyma 
cells, facilitating the readjustment of the 
remaining tissues. The region just behind 
the root-hair zone is often more contractile 
than the mature parts of the root, and 
specialized contractile roots frequently 
have only a small amount of mature xylem 
in this region. The contractile part of a 
root may lose as much as two thirds of its 
length within a few weeks in some kinds 
of plants. 


MycorHIZAE 





[Mycorhizae ommon fave Tone 


branches than ordinary roots, and they 
have few or no root hairs. Some, all, or 
none of the smaller roots of a plant may 
be mycorhizal, depending on the species 
and the environmental conditions. Often 
the roots in the upper part of the soil, 
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Fig. 25.14 Indian pipe (Monotropa uniflora), a 
plant which has become dependent on its my- 
corhizal fungus for food. 


where organic matter is abundant, are 
mycorhizal, whilc those in the underlying 
mineral soil are not. The roots of some 
kinds of plants are always and necessarily 
mycorhizal; some are or are not, with vary- 
ing degrees of benefit and harm, according 
to the circumstances, and others are never 
so. Probably more than half the kinds of 
vascular plants usually have mycorhizae 
under natural conditions. The conifers 
(especially pines), orchids, and heaths 
(Ericaceae) are usually mycorhizal, and 
successful cultivation of species of these 
groups generally requires the maintenance 
of conditions favorable for the growth of 
the fungus. 

The fungi involved in mycothizae 
include various kinds of basidiomycetes, 
ascomycetes, and phycomycctes, especially 
the hymenomycetous basidiomycetcs. The 
fungus may also occur independently of 
the mycorhizae, or it may be largely or 






wholly restricted to mycorhizal associa- 
tions. The host may bear only one or sev- 
eral different kinds of fungi, often more 
than one in the same root. Often a par- 
ticular mycorhizal fungus is limited to only 
one kind or a few closely related kinds of 
hosts. Truffles and many kinds of mush- 
rooms are especially noteworthy in this 
regard, although the common field mush- 
room, Agaricus campestris, is not myco- 
rhizal. The association of certain fungi 
with the roots of oaks was known to Theo- 
phrastus (372?-287? B.c.), the Greek 
Father of Botany. 

The mycorhizal fungus is partly in 
the soil and partly in the root, often form- 
ing a tangle of filaments (the mantle) over 
the surface so that the root is not in direct 
contact with the soil (Fig. 25.15). The 
mantle formed on tree roots by truffle 
fungi was noted by the French mycologist 
Louis René Tulasne (1815-1885) in 1841. 
The fungus mantle often has numerous, 
short, radiating branches that resemble root 
hairs. Mycorhizae are said to be ecto- 
trophic or endotrophic, according to 
whether the principal development of the 
filaments which penetrate the host is be- 
tween the cells or within them. The fla- 
ments of ectotrophic mycorhizae com- 
monly form a distinctive network (called 
the Hartig net, after its discoverer, who 
did not understand what he saw) envelop- 
ing the individual cells of the root, but 
they may also send some short branches 
into the protoplast of the root cell. 

The fungus is typically limited to the 
outer part of the root, not extending into 
the endodermis. The filaments are tol- 
erated in the outer tissues but are digested 
and absorbed by the host as they extend 
inward or into areas of greater metabolic 
activity (such as the apical meristem). In 
some plants, however, the fungus per- 
meates most of the host, and indeed the 
presence of the fungus in the seed coat is 
necessary for germination of some kinds 
of orchids under natural conditions. 





The ecological relationships between 
the fungus and the root vary according to 
the species and the environmental condi- 
tions. Typically the fungus digests starch 
grains stored in the host cells, absorbing 
the digestion products and using them in 
its own metabolism. Water and minerals 
are absorbed from the soil by the fungus 
and passed on to the host. Mycorhizal ab- 
sorption is often more efficient than that 
which would be carried on by the un- 
aided root. The increased absorbing sur- 
face provided by the extensive develop- 
ment of the mycorhizal fungus in the 
soil is believed to be necessary under nat- 
ural conditions for many forest trees, to 
supply enough water to balance the loss 
by evaporation. 

Mycorhizal fungi can also tap a min- 
eral supply that would not be available to 
the unaided host. Nitrogen, phosphorus, 
and calcium, among other necessary ele- 
ments found in humus, are not directly 
available to plant roots until the complex 
organie compounds in which they occur 
have been broken down to yield soluble 
inorganic compounds. Mycorhizal fungi 
attack the humus, however, digesting and 
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Fig. 25.15 Cross section of 
root of Indian pipe, with its 
fungus mantle. (Photo cour- 
tesy of J. Arthur Herrick.) 


absorbing the organic compounds. Diges- 
tion of some of the internal filaments of 
the fungus by the root releases compounds. 
which are then used by the host. Under 
experimental conditions, the absence of 
mycorhizal fungi in pines and some other 
plants can be compensated for by fertiliza- 
tion. Furthermore, it seems probable that 
in tropical forests much of the recycling of 
nitrogen and other minerals involves 
mycorhizal fungi which feed on the leaves 
that fall to the forest floor. Under such 
conditions the bacterial stages in the ni- 
trogen cycle, leading to the produetion of 
nitrat e largely bypassed. 

| vidently originated, in 
an evolutionary sense, by change from a 
simple host-parasite relationship to a modi- 
fied sort of parasitism in which the fungus 
more or less compensates for the food it 
uses by providing an increased supply of 
water and/or necessary slemé@ng E 
less the relationship is often even more 
complex, with each symbiont having be- 
come dependent on the other for certain 
substances which it has lost the ability to 
produce for itself. In some orchids, such 
as a coralroot (Corallorhiza), and cer- 
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tain heaths, such as Indian pipe (Mono- 
tropa) (Fig. 25.14) and pinedrops (Ptero- 
spora), the flowering plant lacks chloro- 
phyll and is wholly dependent on the 
fungus for its food supply as well as for 
water and minerals. ‘he role of the fungus 
in this type of mycorhiza was first sug- 
gested by the German botanist Wilhelm 
Pfeffer (1845-1920) in 1877. The benefit, 
if any, derived by the fungus in such cases 
is obseure; recent evidence suggests that 
it may depend on its “host” for certain 
vitamins or enzymes. 


Oruer Mopiriep Roots 


The function of some fleshy roots as 
reproductive structures has already been 
mentioned. Slender roots may also serve 
a reproductive function. The Canada 
thistle (Cirsium arvense, a native of Eur- 
asia) and many other plants, including a 
number of noxious weeds, have long, slen- 
der, deep-seated, horizontal roots which 
function in the same way as creeping 
thizomes, sending up stems at intervals 
(Fig. 25.16). The stems arise adventi- 
tiously from internal tissues, in much the 
same way as branch roots. Black locust 
(Robinia pseudoacacia) and silver poplar 
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(Populus alba) are familiar trees which 
produce adventitious stems from some of 
the roots. Some plants which do not or- 
dinarily produce root sprouts can be in- 
duced to do so by injury. Red raspberries, 
the common barberry, and some kinds of 
roses develop adventitious stems if the 
plant is cut back to the ground. Roses, 
blackberries, and a number of other plants 
are commonly propagated by root cuttings. 

Many plants have adventitious prop 
roots. In maize these develop in whorls at 
the lower nodes of the stem, spreading out 
and entering the soil at an angle. Man- 
groves (Fig. 25.17) and some other tropical 
trees commonly have large prop roots 
as much as several meters long, which help 
to anchor the trees firmly in the marshy 
soil in which they grow. Prop roots of the 
banyan tree (Ficus benghalensis) descend 
vertically from the widely spreading 
branches and become columnar supports 
resembling ordinary trunks. 

Poison ivy and many other climbing 
plants have numerous, short, adventitious 
roots on the aerial stems. As noted in 
Chapter 24, these roots tend to penetrate 
the crevices and cracks in the bark of trees, 
or in brick or stone walls, and may be pro- 
vided with small adhesive terminal disks. 
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Fig. 25.16 The root system 
of part of a single clone of 
Canada thistle (Cirsium ar- 
vense). (After Hayden.) 
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Parasitic plants such as dodder (Cus- 
cuta) and mistletoe have modified roots, 
ealled haustoria (Fig. 25.18), which enter 
the tissue of the host, establishing connec- 
tion with its vascular system and absorb- 
ing nutrients. Dodder is wholly dependent 
on the host for food as well as for water 
and minerals. Mistletoe, on the other hand, 
is green and makes at least some of its 
own food, depending on the host chiefly 
for water and minerals. The term haus- 
torium is also applied to root-like hyphae 


of parasitic fungi which penetrate the cells 
of the host and absorb food. 


SUGGESTED READING 


Kelley, Arthur P., Mycotrophy in plants, 
Chronica Botanica, Waltham, Mass., 1950, 
223 pp. On the technical rather than the 
popular side. 

Went, F. W., and N. Stark, Mycorrhiza, 
Biosci. 18:1035-1039. 1968. 
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Leaves persisting on tulip tree (Liriodendron tulipifera) around a street light 


on a cold and windy November day at the New York Botanical Garden. A few days 
later these leaves had all fallen. 
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EXTERNAL STRUCTURE AND AR- 
RANGEMENT 


GENERAL FEATURES 


Leaves (Fig. 26.1) are the character- 
istic photosynthetic organs of most vascu- 
lar plants. They are appendages of the 
stem, usually having a distinct stalk, the 
petiole, and a thin, flat, expanded blade 
with an upper (adaxial) and a lower (ab- 
axial) surface. Leaves in which the blade 
is attached directly to the stem, without a 
petiole, are sessile. Often there is a pair of 
small appendages at the base. of the petiole, 
one on each side; these are the stipules. 

A large proportion of monocots have 
sessile leaves with a relatively broad, more 
or less sheathing base that extends most 
or all of the way around the stem. In the 
grasses and sedges, this sheathing base is 
developed into a well-defined leaf sheath 
which encloses the stem for some distance 
above the node. The point of departure of 
the blade from the sheath is commonly 
marked by a short, adaxial appendage that 
extends across the width of the leaf. This 
appendage, the ligule, has no very obvious 
function, but differences in its form and 
size are often useful in identifying species. 
Ontogenetically it is a projection from 
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the top of the sheath. A number of dicots, 
such as celery and plantain, also have the 
base of the petiole expanded and more or 
less sheathing, and a few have sheathing 
sessile leaves. 

There is some correlation between the 
nodal anatomy of the stem and the struc- 
ture of the leaf. Leaves with a sheathing 
base are generally exstipulate (without 
stipules) and almost always arise from mul- 
tilacunar nodes. Leaves that are not 
sheathing usually anse from unilacunar or 
trilacunar nodes. Leaves from trilacunar 
nodes usually have stipules, whereas those 
from unilacunar nodes usually lack them, 
but there are many exceptions. 


ARRANGEMENT 


The leaves on a stem are usually ar- 
ranged in a definite pattern and are typ- 
ically oriented so that each leaf is exposed 
to the light with a minimum of interfer- 
ence from its neighbors. The exact pattern 
of arrangement varies from species to spe- 
cies, and sometimes even on different parts 
of the same individual. Leaves are said to 
be alternate, opposite, or whorled, accord- 
ing to whether one, two, or more than two 
are borne at each node. 

An imaginary line drawn through the 





Fig. 26.1 A typical leaf. 


bases of several successive alternate leaves 
usually forms a regular spiral, with the 
leaves inserted at regular intervals. Vicwed 
from above, so that the vertical distance 
from one leaf to the next is ignored, the 
arc of the stem from one lcaf base to the 
next commonly approximates a definite 
fraction of the circumference. The most 
common of these fractions are 4, %, %, 
3%, 543, %21, etc. The numerator of each 
succeeding fraction, as the series progresses, 
is the sum of the two immediately previous 
numerators, and the denominator is the 
sum of the two immediately previous de- 
nominators. Another way of explaining the 
same sct of fractions is to say that the 
numerator represents the numbcr of turns 
around the stem, and the denominator the 
number of leaf bases, before one leaf is 
directly over another. Thus in a ¥% phyl- 
lotaxy (from Greek phyllon, leaf, and taxis, 
arrangement), leaf #6 is approximately 
over leaf #1; spiral from leaf #1 through 
leaf #6 would pass twice around the stcm 
and through 5 successive leaf bases; and 
the arc between each 2 successive leaf 
bases (or the angle of divergence between 
successive leaves) is 144°, which is % of 
360° (Fig. 26.2). In phyllotaxies higher 
than %, the angle of divergence quickly 
approaches an ultimate figure of slightly 
more than 137.5°. 

The conformity of the actual position 
of the leaves to that which would theo- 
retically be expected is often less than per- 
fect. The stem may twist during its growth, 
obscuring the arrangement. The angle of 
divergence may be consistently a little 
more or a little less than the theoretical 
value, so that a line drawn through a series 
of leaf bases which should be directly over 
one another actually forms an elongate 
spiral. The phyllotaxy may differ on dif- 
ferent stems of the same plant or may 
change during the growth of a given shoot. 
In spite of these variations, the tendency 
toward a phyllotaxy which can be ex- 
pressed in the indicated fractions 1s well 


established. 
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Fig. 26.2 Vertical view of a tobacco shoot, with 
2/5 phyllotaxy. The numbers indicate the relative 
age of the leaves. (Adapted from Esau.) 


It will be noted that all the numbers 
in the fractions of the phyllotactic series 
belong to the mathematical series 1, 1, 2, 
3, 5, 8, 13, 21, 34, etc., in which each suc- 
cessive number is the sum of the two 
previous numbers. ‘This series is called the 
Fibonacci series, after its inventor, 
Leonardo Fibonacci (1180?-1250), an 
Italian mathematician, The reason for the 
close relationship between the phyllotactic 
series and the Fibonacci series is not elear. 
Attempts at explanation usually center 
about the geometry of close packing, some- 
times with recourse also to hormones 
which are supposed to be produced by the 
leaf primordia in the bud and to inhibit 
the initiation of new primordia immedi- 
ately adjaccnt to the existing ones. 


DURATION 


Leaves have an inherently limited life 
span, usually only a single growing scason 
(or part of one), seldom more than a few 
years. Woody plants, in which the aerial 
stems persist year after year, may be 
classed as evergreen or deciduous, accord- 
ing to the duration of the leaves. In ever- 
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green plants, the leaves formed during 
one season persist at least until the leaves 
of the following season are produced; in 
some evergreens the leaves last several 
years. Nearly all conifers are evergreen, as 
are most angiosperm trees of moist tropical 
regions. Only a few angiosperms of tem- 
perate regions, such as holly (Ilex), live 
oak (Quercus spp.), and sagebrush (Arte- 
misia tridentata), are evergreen. ‘There are 
also some evergreen herbs with basal leaves 
that persist throughout the winter. 

The leaves of deciduous trees and 
shrubs fall off at the end of the growing 
season, leaving the stems temporarily bare. 
Like othcr physiological responses of 
plants, leaf fall is governed by a set of 
interacting environmental factors, includ- 
ing the photoperiod (day length), temper- 
ature, and moisture supply. In temperate 
climates, the leaves commonly develop in 
the spring and are shed in the autumn. 
One might assume that temperature plays 
the dominant role here, and it 1s certainly 
the ultimate cause, but for many species, at 
least, the photoperiod 1s the actual trigger. 
The leaves do not begin to develop in the 
spring until the days reach a eertain length, 
regardless of the temperature, and in the 
autumn abscission is initiated when the 
day length falls to a critical point. In such 
plants, leaf fall can be delayed some weeks 
by a night light, as illustrated by the photo- 
graph at the beginning of the chapter. 

In warm regions with pronounced wet 
and dry seasons, the formation and fall of 
leaves are correlated with moisture rather 
than temperature. Some desert shrubs, such 
as ocotillo (Fouquieria splendens, Fig. 
27.13), produce a crop of leaves after any 
significant rain, and the leaves fall off again 
as soon as the soil moisture becomes in- 
adequate to maintain them. : 


ABSCISSION 


Leaves of most vascular cryptogams 
and herbaceous angiosperms usually 
wither on the stem and are eventually 








shed through decay and external causes. 


we The abseneon zone generally con- 
tains a high proportion of parenchyma 
cells, and relatively few thick-walled cells, 
so that it is the weakest part of the petiole 
(or of the blade, in sessile leaves). It is 
usually externally evident as soon as the 
leaf is mature, showing as a shallow fur- 
row, or as a line of different color or tex- 
ture around the base of the petiole. 

The abscission zone sooner or later 


becomes differentiated into two layers, a 
protective layer several cells thick on the 


side toward the stem, and a separation 
layer two to several cells thick on the side 
toward the leaf. Sometimes there are three 
layers, with the separation layer sand- 
wiched between two protective layers, but 
the protective layer on the side toward the 
leaf has no apparent functional signifi- 
cance. ‘These layers can often be detected 
microscopically early in the season, their 
further development being arrested until 
later. 

The eventual changes which result in 
the abscission of the leaf and the forma- 
tion of a leaf scar may or may not be im- 
mediately preceded by a series of cell di- 
visions. In either case the middle lamellae, 
and often also the primary walls of the 
cells of the separation layer, generally 
swell and become gelatinous, due largely 
to a change of the calcium pectate com- 
ponent to pectic acid and thence to water- 
soluble pectin. The weight of the leaf and 
the force of wind, rain, etc. then break the 
leaf away from t 








94 eg we 


a A Ph a x ee 
har OL LE O Fe 
OA 88 ns 


Ag 


me Sy, 





Changes in the protective layer usu- 
ally proceed more or less concomitantly 
with those in the separation layer, al- 
though there may be a time lag in either 
direction. The protective Jayer is water- 
proofed by a deposit of suberin, which 
forms a sheet covering the inner surface of 
the wall of each cell and is strengthened 
by a deposit of a lignin-like substance 
which permeates the cell walls and inter- 
cellular spaces, often filling the lumina of 
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Fig. 26.3 Abscission in pe- 
tiole of Coleus. Developing 
abscission layer (small cells) 
at a,, a, a3. Abscission in 
progress at b,, ba, bs. Note 
beginning of destruction of 
vascular tissue at b,. (Photo- 
micrographs by Tillman J. 
Johnson, from An introduc- 
tion to the anatomy of seed 
plants, by Ernest L. Stover. 
Copyright 1951 by D. C. 
Heath and Company, Lex- 
ington, Massachusetts.) 


the vessels as well. This substance may be 
identical with the wound gum often de- 
posited in injured tissues as part of the 


healing process. 
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cluding water deficit, low temperature, re- 
duced light intensity, and decreased day 
length, Abscission can also be induced by 
destroying a large part of the blade, or by 
treating it with various chemicals, such as 
ethylene and carbon tetrachloride. Several 
common growth-regulating substances, in- 
cluding indole-acetic acid, tend to inhibit 
abscission when applied to the leaf blade 
or to the debladed petiole. It has been 
suggested that under normal conditions 
a hormone produced in the blade mi- 
grates to the base of the petiole and in- 
hibits abscission, and that any prolonged 
interruption of the supply of this hor- 
mone permits the abscission to oeeur (see 
also p. 650). | 


SIMPLE AND COMPOUND LEAVES 


The form and structure of the leaf 
blade vary in different kinds of plants (Figs. 
26.4—26.9), and even to some extent on 
the same plant or on different individuals 
of the same kind. An extensive terminology 
has been developed to describe the kinds 
of leaves, due to the usefulness of these 
characters in recognizing and distinguish- 
ing different species; only the more im- 
portant of these terms are given in the 
following pages. If the blade is all in one 
piece, the leaf is said to be simple; if it is 
composed of several separate leaflets, it is 
compound. The stalks of the individual 
leaflets are the petiolules. Compound leaves 
in which the leaflets are attached nearly at 
the same point, as in the horse chestnut 
(Aesculus hippocastanum), marijuana 
(Cannabis sativa), and lupines (Lupinus), 
are palmately compound. Compound leaves 
in which the leaflets are attached on op- 
posite sides of an elongate rachis, as in wal- 
nuts (Juglans), hickories (Carya), ashes 
(Fraxinus), roses (Rosa), and black locust 
(Robinia pseudoacacia), are pinnately com- 
pound. Usually the lateral leaflets are 
paired, with the members of the pair di- 
rectly opposite each other; sometimes they 





Fig. 26.4 Types of dicot leaves. Upper left, op- 
posite, palmately compound, exstipulate leaf of 


horse chestnut (Aesculus hippocastanum) 
(X1/12); upper right, alternate, pinnately com- 
pound leaf of black locust (Robinia pseudoaca- 
cia), with opposite leaflets, and with the stipules 
modified into short spines (X1/4); lower left, 
alternate, simple, sessile, exstipulate leaf of 
goldenrod (Solidago rugosa) (1/3); lower right, 
alternate, simple, subsessile leaf of smartweed 
(Polygonum), with sheathing stipules (1/3); 
ifl., leaflet; p., petiole; r., rachis; s.s., sheathing 
Stipules. 


are more or less offset. Pinnately compound 
leaves which have a terminal leaflet in addi- 
tion to the lateral ones usually have an odd 
number of leaflets and are odd-pinnate; 
when there is no terminal leaflet, the leaf 
IS even-pinnate. Pinnately compound 
leaves, such as those of the honey locust 
(Gleditsia triacanthos), in which the pri- 
mary divisions are themselves compound, 
are pinnately bicompound or tricompound. 
The term pinnately decompound covers 
all degrees of dissection from bicompound 
on up. Trifoliolate leaves, with three 
leaflets, may be either pinnately com- 





Fig. 26.5 Trifoliolate leaves of poison ivy (Rhus 
radicans). (New York Botanical Garden photo.) 


pound, as in poison ivy (Rhus toxicoden- 
dron and related species), or palmately 
compound, as in white clover (Trifolium 
repens), according to whether or not there 
is a definite rachis extending beyond 
the two latcral leaflets. A compound leaf 
like that of the carrot, in which the 
ultimate segments are very numerous and 
more or less confluent, is said to be 
dissected. 


DISTINCTION BETWEEN COMPOUND LEAVES 
AND LEAFY STEMS 


Compound leaves may sometimes be 
confused with leafy stems, but the distur, 
tion is not usuall 





f The zme 
of the axillary buds, therefore, can be used 
to mark the base of the leaf. Axillary buds 
of some plants are so smal) as to escape 
notice, however, and in some trees, such 
as the sycamore (Platanus), the bud 1s 
enclosed by the expanded base of the 
petiole. 

A stem typically ends in a terminal 
bud with an apical meristem, although in 
some woody plants the tip is abscised so 
that the stem ends abruptly just above one 
of the axillary buds. Compound leaves, 
on the other hand, never have terminal 
buds, and in seed plants they almost never 
have an apical meristem. Very often a 
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compound leaf has a terminal leaflet like 
the other leaflets. 

Leaves of woody plants are eventually 
deciduous, usually leaving a characteristic 
scar on the stem, although the leaflets of a 
compound leaf may be separately de- 
ciduous before the petiole is abscised. Ab- 
scission of angiosperm stems, when it 
occurs, usually affects only the branch tip 
rather than an entire branch, so that the 
scar 1s terminal. 


VENATION 


Leaves of angiosperms characteris- 
tically have a branching vascular system de- 
rived from the leaf traces of the stem. The 
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Fig. 26.6 Form and venation of dicot leaves. 
Upper left, American elm (Ulmus americana), 
with ovate, acute, pinnately veined, doubly ser- 
rate leaves; upper right, tulip tree (Liriodendron 
tulipifera), with pinnately veined, broadly re- 
tuse, four-lobed leaves; lower left, sugar maple 
(Acer saccharum), with palmately veined, pal- 
mately lobed and coarsely toothed leaves; lower 
right, white oak (Quercus alba), with pinnately 
veined, pinnately lobed leaves. 
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principal veins (vascular bundles) are usu- 
ally readily visible to the naked eye and 
very often stand out on the lower surface 
of the leaf. The midrib, in ‘particular, 1s 
usually prominent. The smaller veins are 
evident or obscure according to the kind 
of plant. 

The arrangement of veins in leaf 
blades varies in detail from species to spe- 
cies, with a strong tendency toward a gen- 
eral difference between monocots a 
dicots. 


atlon. 

5 eaves 

commonly end blindly in the areolae be- 
tween the veins of next larger size. Pin- 
nately veined leaves, such as those of elms 
and beeches, have an evident central mid- 
vein, with the primary branches departing 
at intervals along its length. Palmately 
veined leaves, such as those of maples, 
sycamores, and begonias, have several main 
veins diverging from the base, with the 
central onc usually not much, if at all, 
larger than the others. The branch veins 
departing from the main veins of a 
palmately veined leaf are usually pinnately 
arranged; thus the leaflets of a palmately 





Fig. 26.7 Veins in a small part of the leaf of 
lime (Citrus aurantifolia), showing the fine net- 
work and blind ends of the smallest veins. (From 
W. H. Brown, The plant kingdom, copyright 1935 
and 1963; courtesy of Ginn & Company, Boston.) 








Fig. 26.8 Characteristic monocot leaves. A, 
Juncus nodosus, with a basal sheath and a hol- 
low, transversely septate blade; B, crab grass 
(Digitaria), with a basal sheath, a flat terminal 
blade, and a ligule where the blade joins the 
sheath; C, cat brier (Smilax), with a petiole, 
stipular tendrils, and a broad blade; D, Jack-in- 
the-pulpit (Arisaema triphyllum), with sheathing 
base, long petiole, and trifoliolate blade, the 
leaflets pinnately veined; l.s., leaf sheath; lig., 
ligule. 


compound and palmately veined leaf are 
usually pinnately veined. 
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parallel ve 1. Most monocots have rela- 
tively long, narrow leaves, with closely 
spaced longitudinal veins, but some 
broader-leaved forms, such as Trillium and 
many aroids, do have an evident network 
of smaller veins between the more widely 
spaced main ones. Thus, although the dif- 
ferent types of venation can usually be 
recognized, no hard and fast line can be 
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Fig. 26.9 Characteristic monocot leaves. A, B, 
whorled leaves of Lilium philadelphicum. (1/2 
and 1/3.) C, D, Iris sp. (X2/3 and 1/3.) 


drawn between the parallel and the net 
type, and even less between pinnate and 
palmate. 


FORM 


The shape of leaves and leaflets is de- 
scribed by a series of terms derived from 
plane geometry and other sources. Such 
terms as linear, elliptic, oblong, and orbicu- 
lar are self-explanatory. A cordate leaf is 
shaped like a conventional heart, and a 
reniform leaf is kidney-shaped. An ovate 
leaf is shaped about like a long section 
through a hen’s egg, with the broader end 
toward the petiole; a lanceolate leaf is 
likewise broadest below the middle but 1s 
distinctly narrower than ovate. Oblance- 
olate and obovate leaves have the broader 
end away from the petiole. Still other 
terms are used to describe other (mostly 
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less common) forms. Often it is necessary 
to use more than one term, or to make 
hyphenated compounds, to describe the 
leaves of a single plant or a single species. 

Leaf tips are usually rounded, obtuse, 
acute, or acuminate (very sharply pointed, 
typically with concave sides). Less often 
they are truncate (with the broad apex 
forming a line at right angles to the axis) to 
retuse (notched), or even obcordate. An 
abrupt small point at the tip of a leaf is a 
mucro; leaves with an otherwisc rounded 
tip are often mucronate. 

The margins of a lcaf are usually 
entire, toothed, or lobed. Leaves with 
sharp, forward-pointing tecth, like those 
of basswood (Tilia), are serrate; leaves 
with rounded, forward-pointing teeth, like 
those of mulberry (Morus), are crenate. 
Mulberry leaves are often irregularly lobed 
as well as crenate. Lobed leaves are usu- 
ually either palmately lobed, as in most 
maples (Acer), or pinnately lobed, as in 
most oaks (Quercus). Leaves which are 
pinnately deeply cleft, but with the pri- 
mary segments more or less confluent in- 
stead of forming separate leaflets, are said 
to be pinnatifid. Dandelions and thistles 
often have pinnatifid leaves. 


STIPULES 


The basal pair of appendages called 
stipules are a characteristie part of the 
leaves of many angiosperms, but they are 
wanting from gymnosperms and vascular 
cryptogams. Their form and function dif- 
fer from species to species. Most often 
they are small, green, and rather weakly 
photosynthetic. In bedstraw (Galium), 
which has sessile leaves, the stipules are 
enlarged and resemble leaf blades. In black 
locust (Robinia pseudoacacia) they are 
modificd into short, stout spines. In Smilax 
(greenbrier, catbrier) they are modified to 
form tendrils. In the tulip tree (Lirio- 
dendron tulipifera) they form the pro- 
tective scales of the terminal bud; each 
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leaf, as it expands and diverges from the 
growing stem, reveals the stipules of the 
next leaf, which completely cover the bud. 
This may indeed be the primitive function 
of stipules. The stipules of many plants are 
deciduous as the leaf matures, and in many 
others they are very much reduced, some- 
times forming mere raised lines on the 
stem. Often there are no stipules at all. 

Angiosperms without stipules are be- 
lieved to be descended from stipulate an- 
cestors, but the evolutionary origin of the 
stipules is not clear. If the angiosperms are 
descended from ancient seed ferns, as 
many botanists now believe, the stipules 
may represent the basal pair of leaflets of 
a pinnately compound leaf. According to 
this line of thought, the other leaflets have 
been lost, so that only the terminal leaflet 
remains to form the blade. Compound 
leaves in modern angiosperms are believed 
to have been more recently derived from 
simple leaves. 


ANATOMY 


GENERAL 


A leaf blade ordinarily consists of an 
upper and lower epidermis, enclosing a 
chlorophyllous mesophyll that is traversed 
by a vascular system (Fig. 26.10). These 
three tissue systems will be discussed in 
sequence. 


EPIDERMIS 


The nature and general structure of 
epidermal tissues have been discussed in 
Chapter 23. Epidermis of leaves generally 
serves a protective function, regulating the 
evaporation of water from the internal 
tissues and providing a partial barrier to 
infection and mechanical injury. It also 
contributes to the even distribution of 
water and solutes in the leaf. The exten- 


sive lateral contact area among the epi- 
dermal cells, as contrasted to that of 
mesophyll cells, is doubtless responsible 
for the greater conducting function of the 
epidermis. Sometimes the epidermal cells 
are thick-walled and add significantly to 
the strength and rigidity of the leaf. 

Leaf epidermis is ordinarily covered 
by a definite cuticle (see Chapter 23), 
which retards the evaporation of watcr. 
The cuticle is usually thieker on the upper 
epidermis than on the lower, and thicker 
on plants grown in sun than im shade. 
Often the epidermis is also provided with 
trichomes of one sort or another. In many 
plants, sueh as mullein (Verbascum thap- 
sus), the pubescence is so dense as to hide 
the surface. A dense covering of pubes- 
cence tends to retard evaporation of water 
under some conditions, but often the tri- 
chomes have no evident function. 

The only intercellular spaces in the 
epidermis of most leaves are the stomates 
(from Greek stoma, a mouth). Each 
stomate (Fig. 26.11) is bounded by a pair 
of specialized cells, the guard cells, which 
regulate the size of the opening. The cells 
adjoining the guard cells may be ordinary 
epidermal cells, or they may be more or 
less differentiated as supporting cells. In 
the strictest sense, the term stomate ap- 
plies only to the space between the guard 
cells, and the stomate plus the guard cells 
and any supporting cells constitute the 
stomatal apparatus. The term stomate is 
often more loosely and conveniently used, 
however, to apply to the whole stomatal 
apparatus. 

The guard cells, which are usually 
rather narrowly kidney-shaped or broadly 
sausage-shaped, are placed side by side. 
When the guard cells are turgid, they are 
bowed apart in the middle, leaving a 
definite opening between them. When 
they lose their turgidity, they become ap- 
pressed to each other throughout their 
length, closing the opening. The walls of 
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Fig. 26.10 Three - dimen- 
sional diagram of a typical 
leaf, with successive layers 
Stripped away; b.s., bundle 
Sheath; g.c., guard cell; 
l.e., lower epidermis; ph., 
phloem; p.m., palisade me- 
sophyll; s.m., spongy meso- 
phyll; u.e., upper epidermis; 
x., xylem. 









Fig. 26.11 Characteristic types 
of stomates—that of grasses at 
the lower right; g.c., guard cell; 
s.c., supporting cell; s.o., stoma- 
tal opening. 
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guard cells are strongly and unevenly 
thickened, often with ledges along the 
upper and lower margins next to the 
aperture. Unlike ordinary epidermal cells, 
guard cells contain chloroplasts, and these 
are indirectly involved in the mechanism 
of opening and closing the stomates under 
some conditions (see pp. 519-520). 

Stomates of grasses and sedges have 
guard cells of an unusual type. The thin- 
walled, bulbous ends swell and contract 
with changes in turgor, separating or bring- 
ing together the straight, thick-walled 
median portions. 

In precise anatomical comparisons, 
stomates are classified into several groups 
by the structure of the guard cells, the 
presence or absence of supporting cells, 
the arrangement of the supporting cells, 
and sometimes z the ontogeny of the 









common occurrence in the pens Ranun- 
culus (buttercup), although it also oc- 
curs in many other genera of various 
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or — In dicots the stomates are 
generally scattered at more or less regular 
intervals over the leaf surface, but in 
monocots they commonly occur in longi- 
tudinal lines between the veins. The 
needle leaves of conifers often have the 
stomates in longitudinal lines or bands. 
Stomates of xerophytes (plants adapted 
to dry conditions) are often individually 
sunken or grouped in sunken stomatal 
pockets. 

The number of stomates per unit area 
varies rather widely on different leaves and 





Fig. 26.12 Epidermis of Sedum leaf, showing 
stomates. (Courtesy CCM: General Biological, 
Inc., Chicago.) 


different individuals of the same species, 
according to the environment, as well as 
from species to species. Common figures 
for the lower epidermis are about 15-1000 
per square mm, the lower numbers typ- 
ically occurring in plants with larger 
stomates. Figures as low as 10 and as high 
as 1300 per square mm have been re- 
corded. The stomatal opening is very 
small, commonly 7-40 microns long and 
3-12 microns wide when fully open. The 
fully open stomates usually cover about 
0.5-2 percent of the lower epidermis. As 


noted in Chapter 27, the total gaseous 
diffusion possible through a number of 
small openings is much greater than that 
through a single large opening of the same 
total area, and evaporation of water 
through the stomates often proceeds at a 
rate more than half as great as would 
occur from a free water surface the size of 
the leaf. 

The epidermal cells, other than those 
of the stomatal apparatus, may bc all alike, 
or there may be one or mote specialized 
types in addition to the ground mass. 
Scattered cork cells, fibers, secretory cells, 
and crystal-containing cells are not un- 
common. Most monocot leaves have some 
bulliform (bubble-shaped) cells scattered 
over the surface or arranged in longitudinal 
strips. Bulliform cells are relatively large, 
with thin walls, large vacuole, and little 
solid content. In some species, changes in 
the turgor of the bulliform cells govern 
the longitudinal rolling and unrolling of 
the leaf under varying moisture conditions, 
but in others they have no apparent func- 
tion. 


MESOPHYLL 















i.e., chlorophyll-bearing parenchyma. Typi- 
cally itus: ly differentiated into 






(palisade chlorenchyma, palisade meso- 
 SDONL Y 


spongy chlorenchyma, spongy 





mesophyll). 

The palisade parenchyma typically 
consists of one or two tiers of elongate, 
more or less cylindric or prismatic cells, 
just beneath the upper epidermis and 
perpendicular to it. The cells are fairly 
closely set, but usually more of the wall 
adjoins intercellular space than adjoins 
other cells. Often the cells taper toward 
the base, so that the intercellular spaces 
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are wider near the spongy parenchyma 
than near the upper epidermis. 

The spongy parenchyma typically con- 
sists of irregularly shaped cells, with a high 
proportion of intercellular space. Many of 
the cells have knobs or arms which extend 
out and adjoin other cells. Commonly 
there is an extra large space, the stomatal 
chamber, next to each stomate. The 
spongy laycr is usually more than one cell 
thick, but the_cclls_ are not arranged in 
definite tiers. | 
A 















CULIL 





oa Alisade layer. 

The proportions and arrangement of 
the palisade and spongy tissues vary accord- 
ing to the species and the environment. 
Leaves which droop or which stand verti- 
cally often have a palisade layer on each 
side, with the spongy layer sandwiched in 
between (Fig. 26.13). Grass leaves usually 
have a compact mesophyll with little or 
no differentiation into palisade and spongy 
layers; often thes cells are nearly isodia- 
metric. Plants which characteristically grow 
in deep shade often have the palisade 
layer poorly developed and not much dif- 
ferentiated from the spongy tissue. Many 
plants of dry sunny habitats have two tiers 
of palisade, and in Eucalyptus the entire 
mesophyll generally consists of palisade 
cells. In some plants, such as apples (Pyrus 
malus), leaves which differentiate and de- 
vclop in shade have a single tier of palisade, 
whereas those formed in bright sunlight 
have two tiers. 

In addition to being traversed by a 
vascular systeni, the mcsophyll may also 
contain laticifers, lysigenous or schizoge- 
nous resin ducts, or oil cavities. It may also 
contain scattered idioblasts of one sort or 
another. An idioblast is any single cell that 
is very different from the cells surrounding 
it. The functions of idioblasts are varied 
and oftcn obscure. 

Mesophyll is structurally well adapted 
to the primary function of leaves, which is 
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Fig. 26.13 Leaf of Dianthus, in cross section. This leaf, standing nearly erect in life, 
has stomates and palisade tissue on both sides, but the palisade tissue is not strongly 
differentiated from the spongy tissue. (Courtesy CCM: General Biological, Inc., Chicago.) 


photosynthesis. The densest tissue and the 
greatest concentration of chloroplasts are to- 
ward the upper surface, which receives the 
most light. The intercellular space is great- 
est near the stomates, which are the gate- 
way to the outer air, and diminishes pro- 
gressively toward the upper surface. Since 
essentially all the CO» used in photosyn- 
thesis enters through the stomates and is 
distributed through the intercellular spaces, 
the need for intercellular space as a pas- 
sageway is greatest near the stomates and 
diminishes progressively toward the upper 
surface. Evaporation from the palisade 
cells, which receive more light than the 
spongy tissue, 1s partly checked by the 
relatively small amount of wall surface that 
is in contact with intercellular space; it is 
from these exposed wall surfaces that the 
evaporation takes place. 

The characteristic modifications in the 
structure of the mesophyll induced by the 
environment may also be interpreted as 
adaptive, although there is more room for 
argument here. The double palisade layer 
of many sun leaves absorbs light efficiently, 
and the smaller proportion of intercellular 
space reduces the evaporating power of the 
sun, but distribution of the necessary CO» 


to the upper palisade cells is also re- 
stricted. In any case the leaf does not di- 
rectly attempt to adapt its structure to the 
environment. Differences in the environ- 
ment influence the chemical and physical 
processes occurring in the cells of the 
growing leaf, and changes in these proc- 
esses affect the structure of the mature 
leaf. Insofar as these responses are bene- 
ficial, they have survival value and tend to 
be preserved (by natural selection) during 
the course of evolution. 


VASCULAR SYSTEM 


The veins of angiosperm leaves gen- 
erally form an interconnccted branching 
sek as noted on p. 496 







) | The phloem 1s ately on 
the lower (abaxial) side and the xylem on 
the upper. Plants with bicollateral bundles 
in the stem commonly have phloem on 
both the upper and the lower side of the 
larger veins of the leaf, with the xylem in 
the middle; the smaller veins of these spe- 
cies generally do not differ from those of 
other plants. 


Most veins consist only of primary tis- 
sue, but the larger veins of many dicots 
show some secondary growth. The number 
of phloem and xylem elements making up 
the vein decreases“ progressively with the 
size of the vein. The smallest veins, as 
seen in cross section, often have only a 
single tracheid, with the phloem repre- 
sented by a single modified parenchyma 
cell. 

The midrib and often also some of the 
larger lateral veins of the leaf are usually 
embedded in a mass of compact paren- 
chyma, rather than being surrounded by a 
mere bundle sheath. Often there is some 
strengthening tissue, usually collenehyma, 
sometimes sclerenchyma, associated with 
the parenchyma. It is generally the paren- 
chyma and the supporting tissues which 
stand out on thc lower surface of the leaf 
and mark the position of the vein. The 
remainder of the veins usually have a dis- 
tinet bundle sheath and are embedded in 
the upper part of the spongy mesophyll, 
just beneath the palisade layer. 

The bundle sheath is ontogenetically 
part of the mesophyll, but it is usually dis- 
cussed along with the vascular system be- 
cause of its close morphologic and physio- 
logic connection to that system. Usually it 
consists of a single layer of elongate, thin- 
walled, living cells, completely surrounding 
the vein, and covering the ends of those 
veins which cnd blindly. The long axis of 
the cells parallels that of the vein, and 
there are no evident intercellular spaces. 
Except for the usual lack of Casparian 
strips, the bundle sheath is suggestive of 
an endodermis. Chloroplasts are present 
or absent according to the species. The 
may be thought of as a 
means of increasing the area of contact 
between the vascular elements and the 
more loosely arranged mesophyll cells. 
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In many dicots, plates of cells similar 
to those in the bundle shcath extend part 
way or completely to one or both epider- 
mises. Experimental evidence confirms the 
obvious suggestion that these bundle sheath 
extensions are involved in the conduction 
of water and solutes, forming a pathway 
between the veins on the one hand and 
the mesophyll and sue on Mute othe. 


E. aE to wi e mechanical strength of. 


HypDATHODES 


oT vater 1r 
i The guttation -drops which 
form at the hydathodes are usually seen in 
the early morning after a cool night and 
are often mistakcn for dew. Hydathodes 
commonly occur“along the margins and 
tips of lcavcs; sometimes they form definite 
teeth, but most leaf tect De are not babda- 





masse beneath the pore vary in different 


species. Typically a small vein containing 
only tracheids ends blindly in the loose 
parenchyma of the hydathode, and there 
is a large intercellular space, resembling a 
stomatal chamber, just beneath the pore. 
Guttation water is further discussed in 
Chapter 27. 


SPECIALIZED LEAVES 


Wc have noted that the principal 
function of most leaves is photosynthesis. 






> Sometimes the additional func- 
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tions become more important than photo- 
synthesis, and some highly specialized leaves 
are not photosynthetic at all. Some special- 
ized types of leaves are discussed in the 
following paragraphs. 


STORAGE LEAVES 


Members of the family Crassulaceae 
and some other families commonly have 
strongly thickened, succulent leaves with 
water-storage regions consisting of large 
parenchyma cells with big central vacuoles 
that contain hydrophilic colloids. Such 
storage leaves resist desiccation, and many 
plants with succulent leaves occur in dry 
habitats. Some succulents, however, are 
just as susceptible to drought as other 
plants. 

The ordinary photosynthetic leaves of 
daffodils and many other plants, particu- 
larly of the lily family, are enlarged at the 
base to form food-storage organs. Bulbs, 
consisting of a short, erect stem with thick- 
ened scale leaves or leaf bases, have been 
discussed in Chapter 24. Cotyledons, which 


often serve as storage organs, are discussed 
in Chapter 32. 


REPRODUCTIVE AND FLORAL LEAVES 


A few kinds of plants, such as Kalan- 
choe, produce adventitious buds along the 
margins of the leaves. These buds drop off, 
develop roots, and grow into new plants. A 
somewhat similar phenomenon is the de- 
velopment of bulbils or bulblets in the leaf 
axils, or among or in place of the flowers. 
These bulbils, consisting of a short bit of 
stem with one or more small, thickened, 
modified leaves, drop off and develop into 
new plants. Many plants can be propagated 
by lez ting 4 









are discussed in Chapter 31. Some plants, 
such as Poinsettia, in which the sepals and 
petals are very small or absent, have 









Fig. 26.14 Leaf cuttings of African violet (Saint- 
paulia), which have taken root in moist sand. 
(Photo courtesy of T. H. Everett.) 


brightly colored, petal-like leaves surround- 
ing the flower clusters. 


CLIMBING LEAVES 


Peas (Pisum sativum), sweet peas 
(Lathyrus odoratus) and some other leg- 
umes have some of the leaflets of a com- 
pound leaf modified into slender, twining 
tendrils. The stipular tendrils of Smilax 
have already been noted. Similar climbing 
leaves occur in various other less familiar 
plants. 


INSECT-CATCHING LEAVES 


Plants of several families which are 
only distantly related have modified leaves 
which entrap insects that are then digested 
and partly absorbed. These insectivorous 
plants commonly grow in marshy or aquatie 
habitats, in which the supply of available 
nitrogen is severely limited. Nothing larger 
than an insect is in any danger from them, 
and stories of man-eating trees are pure 
fabrication. 

Sarracenia, the pitcher plant (Fig. 
26.15), has pitcher-shaped leaves lined with 
stiff, downward-pointing hairs which lead 


unwary insects down into the basal pool of 
water which contains digestive enzymes. 
Utricularia, the bladderwort (Fig. 26.16), 
is an aquatic with finely dissected leaves. 
Some of the segments have small bladders, 
up to a few millimeters in diameter, with 
a complex trap-door opening that permits 
small aquatic insects and other animals to 
enter but prevents their escape. ‘The leaves 
of sundew (Drosera) are covered with long, 
stout, spreading hairs, each hair being 
tipped by a shining, sticky globule contain- 
ing digestive enzymes. An insect alighting 
on the leaves is held fast by the sticky 
secretion of the hairs it touches, and the 
nearby hairs bend over and often com- 
pletely cover it. After the insect has been 
digested, the hairs return to their normal 
position. Dionaea, the Venus’s-flytrap (Fig. 
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Fig. 26.15 Pitcher plant 
(Sarracenia purpurea). (New 
York Botanical Garden 
photo.) 


1.3), has the leaves “hinged” along the 
midrib. When one of the several tngger 
hairs on the surface of the blade is touched, 
the leaf snaps shut and the fringed mar- 
gins interlock. The motion of insect-eatch- 
ing leaves is further discussed in Chapter 33. 


PROTECTIVE LEAVES 


Winter buds of most deciduous trees 
are covered by small, modified leaves called 
bud scales. Bud scales are usually firmer 
than ordinary leaves, with more scleren- 
chyma and without chlorophyll. Often they 
are resinous. When the meristem resumes 
activity in the spring, the bud scales gen- 
erally fall off, leaving a ring of closely set 
bud-scale scars around the twig. 

The leaves of some kinds of plants, 
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Fig. 26.16 Bladderwort (Utricularia). Left, part of plant (X1-1/2); upper right, surface 
view of bladder (X7); lower right, section of bladder (X7). (From W. H. Brown, The 
plant kingdom, copyright 1935 and 1963; courtesy of Ginn & Company, Boston.) 


such as cacti, are modified into slender, 
sharp spines which protect the plant from 
grazing animals. The spines of many cacti 
are sO numerous and so oily that they can 
readily be burned off, leaving an unpro- 
tected plant body which is palatable to 
livestoek. 


AUTUMNAL COLORATION 


Leaves of deciduous trees in the tem- 
perate zone gradually ccase to function as 
autumn advances, and cventually they are 
abscised, as described on p. 492. A severe 
frost will kill the leaves of most angio- 
sperms at any time, but the autumnal se- 
nescence often occurs well in advance of 
killing frosts. Leaves of many woody plants 
take on yellow to red colors during this 


time, especially if there is a prolonged 
period of warm sunny days and cool nights. 

Senescence of the leaf commonly does 
not affect all 
man 














ibundant, so that the lea 
yellowish. If tannins are also present, as in 
some beeches and aspens, the leaf may be 
bright golden-yellow. In some other species, 
especially some of the maples and oaks, 
the phloem tends to become inactive while 
photosynthesis is still going on, so that 
sugars accumulate in the leaf. An excess of 
sugars is commonly associated with the for- 
mation of red or purplish anthocyanins, 
regardless of the season. Leaves with antho- 
cyanins in addition to the photosynthetic 
pigments are usually dull reddish, but if 
the anthocyanins persist after the deteri- 


oration of the other pigments, as often 
happens in the fall, very showy colors may 
result. Autumnal brilliance thus results 
from the maladjustments associated with 
senescence and death of leaves. 

Brilliant autumnal coloration is not an 
automatic feature of forested regions. It 
depends on both the climate and the par- 
ticular kinds of trees. Some years and some 
regions produce much better displays than 
others. Autumnal coloration in Europe is 
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usually much less spectacular than in the 
northeastern United States. 


SUGGESTED READING 


Ryder, Vera L., On the morphology of leaves, 
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lyrical nature travelogue. 


27 


ANGIOSPERMS: 
WATER RELATIONS 


Rosettes of Echeveria, a succulent. Plants of the family Crassulaceae, to which 
Echeveria belongs, are typically thick-leaved succulents, very resistant to desiccation. 


(Photo by W. H. Hodge.) 
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INTRODUCTION 


Water is the chief component of all 
physiologically active protoplasm. The vol- 
ume of water in the vacuole of a normal 
cell usually much exceeds the volume of 
the protoplast itself, and any great loss of 
water from the vacuole generally sends the 
protoplast into a state of relative inac- 
tivity, if it is not actually fatal. Under nor- 
mal atmospheric conditions, water evap- 
orates from any exposed moist surface, 
living or dead. The exchange of gases nec- 
essary for photosynthesis requires (in land 
plants) that moist cell surfaces be exposed 
to the air, thus inevitably resulting in some 
loss of water. The means by which water 
is absorbed and translocated, and by which 
its evaporation is retarded or prevented, 
are therefore highly important in the physi- 
ology of the plant. 


DISTRIBUTION OF WATER IN THE 
SOIL 


In any reasonably moist climate, a hole 
dug in the ground will eventually, if the 
soil is deep enough, reach a zone in which 
all the interspaces among the soil particles 
are filled with water, i.e., the soil is sat- 
urated. The upper boundary of this zone is 
called the water table. The depth of the 
water table varies according to the site and 
fluctuates according to the rainfall, evapo- 
ration, and other factors. In general, the 
water table forms a subdued image of the 
surface topography, being nearer to the 
surface in the low spots, and farthest from 
the surface on the hilltops. Other factors, 
such as rock strata or impervious hardpan 
layers in the soil, govern local irregularities 
in the depth of the water table, sometimes 
causing temporary or permancnt suspended 
water tables, in addition to the true one. 
Where the water table reaches the surface, 
a spring, swamp, pond, lake, or stream 1s 
formed. 


For some distance above the water 
table, the soil is moistened by capillary rise 
of water. Capillary action is a physical phe- 
nomenon resulting from the attraction be- 
tween water and solid particles of other 
kinds, in this case particles of soil. ‘The 
water forms a film around each of the soil 
particles, filling the smallest interspaces but 
not the larger ones. Capillary rise of water 
in the soil is opposed and eventually lim- 
ited by gravity. The distance to which any 
significant amount of water rises varies 
with the kind of soil but is, in any case, 
seldom more than a few feet. 

The roots of most kinds of plants in 
most sites do not penetrate deep enough to 
reach the soil that is kept moist by capil- 
lary rise above the water table, and there- 
fore most plants are more directly de- 
pendent on rain or irrigation. 

Rainwater (or irrigation water) tends 
to sink into the ground, being distributcd 
downward by the combined action of grav- 
ity and capillarity. At first all the spaces 
among the soil particles near the ground 
surface are filled with water, and the soil 1s 
saturated. The water in the larger inter- 
spaces, not being held by capillary attrac- 
tion, continues to sink through the soil 
until it, too, becomes held by capillary at- 
traction, or until it reaches the water table. 
If the zone of soil moistened by the rain 
does not extend all the way down to the 
zone moistened by capillary rise from the 
water table, there is a rather sharp boun- 
dary between the moistened soil and the 
dry soil beneath it. 

At the stage when further descent of 
moisture has virtually ceased, due to a 
near-equilibrium between gravity and cap- 
illary action, the moistened soil is said to 
have reached its field capacity. The field 
capacity is the amount of water held in the 
soil by capillary attraction against the pull 
of gravity. Expressed in per cent of water 
relative to the dry weight of the soil, it 
varies from about 5 per cent in sandy soils 
to as much as 45 per cent in heavy clays. 
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Most soils reach their field capacity within 
a day or so after a rain. 


ABSORPTION BY ROOTS 


Roots are the organs of vascular plants 
through which most or all of the water 1s 
generally absorbed. ‘The expanded absorb- 
ing surfaee provided by root hairs and by 
the fungal component of mycorhizae is 
mentioned in Chapter 16. 

The root-hair zone is the most impor- 


tant absorbing part of the root, at least in, 


plants which do not have extensive my- 
corhizae. Below the root-hair zone, absorp- 
tion is limited by the smaller surface area 
and by the lack of an effective conducting 
system to carry the water away. Above the 
root-hair zone, the surface of the root is 
usually suberized, and the rate of water 
intake is much reduced. The root hairs 
themselves may become suberized late in 
the growing season and suffer a correspond- 
ing drop in absorptive efficiency. 

During periods of dormancy, when the 
soil is cold or dry, perennial plants have 
relatively few functioning root hairs, yet 
woody plants continue to transpire signif- 
cant amounts of water even when bare of 
leaves. It remains to be determined how 
much the fungal portions of mycorhizae 
contribute to water absorption at such 
times, and how much water is taken on 
directly through the suberized root surfaces. 
Doubtless the relationship differs according 
to the species and the circumstances. 

Absorption of water by roots is due 
ehiefly to the difference in water potential 
betwcen the cell sap and the soil water, 
according to the principles elucidated in 
Chapter 3. The concentration of solutcs 
in the cell sap is ordinarily higher than 
in the soil water, and othcr factors arc 
seldom great enough to upset the resulting 
osmotic relationship. The osmotic poten- 
tial of root-hair cells and other epidermal 
cells of roots is commonly in the range of 
—3 to —5 atmospheres, and the turgor 


pressure is commonly in the range of | to 
4 atmospheres. The net water potential of 
the cells, after allowing for the modifying 
effect of turgor pressure, typically remains 
in the range of —1 to —4 atmospheres. 
The osmotic potential of the soil solution, 
on the other hand, is seldom more than a 
fraction of an atmosphere, and under 
normal moisture conditions the matric 
forces (attraction between water molecules 
and soil particles) add only another small 
fraction of an atmosphere to the water 
potential. Thus there remains a difference 
of from a fraction of an atmosphere to 
several atmospheres between the water 
potential of the cell sap and that of the 
soil solution, and water moves into the cell. 

When the amount of water in the soil 
is near the field capacity, absorption by 
the roots takes plaee readily if there is 
the usual difference in concentration of 
solutes in the soil water and the cell sap. 
As the plant continues to draw water from 
the soil, and as natural evaporation con- 
tinues, the film of water around each soil 
particle becomes progressively thinner and 
more tightly held. Eventually the water 
which remains is so strongly held that it 
cannot be absorbed by the plant, regard- 
less of the relative concentrations of so- 
lutes. A convenient and important measure 
which approximates or just precedes this 
stage is the permanent wilting percentage, 
or wilting coefhcient, defined as the per- 
centage of water (in relation to dry weight) 
to which a soil is reduced when the plants 
growing in it have just reached a condition 
of “permanent” wilting. A “permanently” 
wilted plant is one that will not recover 
its turgidity unless water is supplied to the 
soil. It should be understood that leaves 
with a high proportion of mechanical tis- 
sue, such as those of many broad-leaved 
evergreens, can be “wilted” in a physiologi- 
cal sense without showing the characteris- 
tic flaccidity of other wilted leaves. Some 
desert plants can maintain life and slowly 
withdraw water from the soil for some 
time after “permanent” wilting has oc- 


curred, but not much water is removed 
from the soil under these conditions. 

Although the amount of water in the 
soil at the permanent wilting point varies 
greatly in different soils, it does not vary 
much for different kinds of plants growing 
in the same soil (except in highly alkaline 
soils, discussed below). Individual spe- 
cies seldom diverge as much as 10 per cent 
from the general average in the amount of 
water they leave in the soil when the per- 
manent wilting point is reached. These 
small differences among species do not 
seem to be correlated with thc environ- 
ment in which the plant normally grows 
(again excepting alkaline soils). Xcro- 
phytes (plants of dry habitats) as a group 
are not evidently more efficient in with- 
drawing watcr from the soil than meso- 
phytes. Some plants with scanty root sys- 
tems do not fully exploit the soil, but even 
these reduce the soil directly adjacent to 
the absorbing portions of the roots to 
about the expected percentage of moisture. 
Capillary action is very slow in soils in 
which the amount of water approaches the 
wilting coefheient. 

The reason for the similarity of differ- 
ent kinds of plants in their ability to 
absorb water from the soil is clear. ‘The 
tenacity with which water is held’ by the 
soil, as measured by the water potential, 
begins to increase rapidly as the wilting 
percentage is approached, and beyond the 
wilting percentage it increases very rapidly 
indeed. A large increase in the water po- 
tential of the cell is, therefore, necessary to 
effect only a slight reduction in the per- 
mancnt wilting percentage. Any very sig- 
nificant reduction of the wilting percent- 
age would require an impossibly large water 
potential in the cell. 

In spite of the fact that root-hair 
cells under ordinary conditions typically 
have a water potential in the range of —1 
to —4 atmospheres, most plants continue 
to withdraw water from the soil until the 
water potential of the soil solution reaches 
—]0 to —15 or even —20 atmospheres. 
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Presumably the water potential of the ab- 
sorbing cells increases, as the soil dries out, 
by progressive accumulation of minerals, 
until the physiological limits of the cell are 
reached in the —10 to —20 atmosphere 
range. These figures are not out of line 
with experimental results for osmotic po- 
tential in other plant tissues, which are 
most commonly between —3 and —20 
atmospheres. 


HALOPHYTISM 


In most soils under ordinary condi- 
tions, there are not enough solutes in the 
water to interfere much with the absorp- 
tion of water by the roots. The water 
potential of the soil water at feld capacity 
is usually only a fraction of an atmosphere, 
and even at the wilting point the part of 
the water potential that is caused by the 
solutes seldom amounts to more than | 
gr 2 atmospheres. The water potcntial of 
the cell sap of epidermal cells of roots 1s, 
as we have noted, commonly in the range 
of — 1l to —4 atmospheres. 

The concentration of solutes in the 
soil moisture of alkaline or saline soils, on 
the other hand, is often greater than that 
in the cell sap of most plants. Plants which 
have a relatively high water potential, en- 
abling them to grow in such soils, are called 
halophytes. The high water potential of 
the cell sap in halophytes is caused partly 
by the high concentration of solutes, and 
partly by the presence of hydrophilic col- 
loids. As might be expected, there are 
varying degrees of halophytism in different 
kinds of plants. Species of shadscale 
(Atriplex), greasewood (Sarcobatus vermic- 
ulatus), and winter fat (Eurotia lanata) 
are important moderate halophytes in 
desert areas of the interior western Unitcd 
States. In more salty areas these give way 
to extreme halophytes, such as samphire 
(Salicornia) and pickleweed (Allenrolfea), 
and in much of the extensive salt flats west 
of Great Salt Lake in Utah no plants at all 
are found. 
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Fig. 27.1 Hummocks of pickleweed (Allenrolfea) on salt flats near Great Salt Lake in 
Utah. Photo taken in late May, when the new growth for the year was just well started. 


Osmotic potentials as high as -100 
atmospheres are frequently obtained for 
halophytes. These figures should be re- 
garded as very rough approximations, how- 
ever, because of difheulties in the tech- 
nique of measurement. Readings as dif- 
ferent as —24 and —202 atmospheres have 
been obtained for Atriplex confertifolia, 
which is not even onc of the more extreme 


halophytes. 


Many halophytes, especially the morc 
extreme ones, are succulent, with soft 
tissues that have an obviously high water 
content. The succulent habit is discussed 
later in this chapter. 


METABOLIC FACTORS IN WATER ABSORPTION 


Absorption of water by roots is dis- 
cussed in the foregoing paragraphs as a 
purely passive process resulting from differ- 


ences in water potential, but that is not 
the whole story. There is in general a posi- 
tive correlation between the rate of respira- 
tion and the rate of water absorption by 
roots. It was at one time thought that 
respiratory energy might be used directly 
in water absorption, but after decades of 
controversy it now appears less and less 
likely that this is true. The relationship, 
instead, is indirect. The intake of minerals 
(discussed in Chapter 28) is accomplished 
against the concentration gradient by the 
expenditure of energy. The water rising in 
the xylem carries some of the absorbed 
minerals with it, and respiration supplies 
the energy necessary for the maintenance 
of the requisite concentration of minerals 
in the absorbing cells. If the supply of 
mineral solutes in the absorbing cells were 
not properly maintained, then the water 
potential would drop, and absorption 
would be impeded or stopped. 


ABSORPTION BY PLANT PARTS 
OTHER THAN ROOTS 


Although roots are the organs through 
which water is usually absorbed, any plant 
organ which is not thoroughly waterproof 
may absorb water when wet. It has been 
experimentally demonstrated that wilted 
seedlings of Coulter pine (Pinus coulteri) 
can absorb water vapor from saturated or 
nearly saturated air, and this ability 1s 
doubtless shared by some other species. 
The leaves of redwood (Sequoia semper- 
virens) are believed to absorb a consider- 
able amount of water from the fog in 
which they are frequently bathed along the 
California coast. Epiphytes very often ab- 
sorb most of their water through the leaves 
and stems during and after rainstorms. ‘The 
Spanish moss (Tillandsia usneoides, an 
epiphytic flowering plant related to pine- 
apples, ) even has specialized, umbrella-like 
scales on the leaf surface, which are closely 
appressed when dry, but which loosen and 
permit the infiltration of water when wet. 


ASCENT OF THE SAP 


A consideration of the mechanism by 
which water moves from the absorbing 
cells of the root into the xylem is best 
postponed until after a study of the factors 
governing the ascent of the sap in the 
xylem. 

The mechanisms by which the xylem 
sap is raised from the roots to the leaves 
have been intensively and repeatedly 
studied. Most botanists are agreed that a 
theory developed largely by the British 
botanist H. H. Dixon (1869-1953) and 
expounded in a series of papers dating 
from 1894, is essentially correct, although 
root pressure also has some significance, 
especially in plants that are not over a few 
feet tall. Other mechanisms which have 
been suggested are probably negligible, al- 
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Fig. 27.2 H. H. Dixon (1869-1953), British bota- 
nist, whose theory of cohesion is generally ac- 
cepted as the principal explanation for the rise 
of water in plants. (Courtesy of the University of 
Dublin.) 


though the possibility cannot yet be ex- 
cluded that the living parenchyma cells of 
the xylem are an essential accessory in the 
process. 


Drxon’s THEORY OF COHESION 


The basic prineiple behind Dixon’s 
theory of cohesion is the attraction of wa- 
ter molecules for each other. In large 
masses of water this attraction is not very 
obvious, but in long, slender tubes it is 
readily demonstrable, becoming greater as 
the tube grows more slender. A column of 
water in a tube the thickness of a xylem 
vesscl has a strong resistance to being 
broken, and a pull at the top of the column 
is transmitted throughout its length. The 
water can thus be pulled upward, much as 
a rope can be pulled up through a pipe. 
The loss of any water from the cells of the 
leaf, either by evaporation, or by use in 
photosynthesis or other metabolic proc- 
esses, transmits a strain to the adjacent 
cells and thus eventually to the water 
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columns in the xylem, so that the water 
tends to move up through the xylem and 
from cell to cell of the leaf, replacing the 
loss. 

There is no doubt that the water in 
the xylem is often in a state of tension. 
This can be demonstrated in living plants 
by jabbing an individual vessel of an ap- 
propriate herb with a fine needle, after 
careful dissection to expose the xylem. The 
water column can be observed under the 
microscope to jerk apart at the point of 
rupture, indicating that it had been under 
tension. Tension in the xylem sap can 
also be demonstrated by other means, but 
it is dificult to measure. 

If water is to move up through the 
xylem as postulated by Dixon, its cohesive 
strength must, of course, be great enough 
to withstand the stresses to which it is 
subjected. These come principally from 
the pull of gravity and the resistance to 
movement imposed by the walls of the 
xylem elements. 

The tallest trees are less than 400 feet 
high, so that even when the depth of the 
roots is also considered, the maximum rise 
of water 1n plants is not over 400 feet. The 
pull of gravity on a column of water 400 
feet high is equal to about 12 atmospheres 
of pressure. 

The resistance to movement imposed 
by the walls of vessels and tracheids is 
partly due to simple friction, and partly 
to the attraction between the molecules of 
water and the molecules of the walls. It 
should be understood that the walls of the 
xylem elements are permeable to water, 
and the resistance imposed by the end 
walls of the tracheids is, therefore, basi- 
cally of the same type as that imposed by 
the lateral walls. It has been shown that in 
the wood of yew (Taxus) the resistance to 
movement due to the walls of the xylem 
elements, at ordinary rate of transpira- 
tion, is about equal to the pressure re- 
quired to support a column of water to the 
height of the plant. At higher rates of con- 


duction, the resistance may be several times 
as great. The detailed structure of the 
xylem differs in different kinds of plants, 
and the resistance to water movement, of 
course, varies accordingly. Most conifers 
are probably not much different from 
Taxus, since all of them lack vessels and 
depend on tracheids for the transport of 
water. Angiosperms, which generally have 
vessels in addition to the tracheids, may be 
expected to have less resistance to water 
movement through the xylem than do 
most gymnosperms. 

Adding the gravitational stress to the 
resistance from the walls of the xylem ele- 
ments, we see that even in tall trees the 
total stress against the cohesion of the 
water columns in the xylem is seldom more 
than 25-50 atmospheres, and probably 
never much more than 100 atmospheres. 
Experimentally determined values of the 
cohesive strength of water vary greatly ac- 
cording to the apparatus used, and probably 
most experimental values fall well short of 
the actual value in the plant. The higher 
experimental values, ranging up to 350 at- 
mospheres, seem more than adequate to 
meet the greatest stress to which the wa- 
ter columns in the living plant are thought 
to be subjected. 


SIGNIFICANCE OF XYLEM PARENCHYMA IN THE 
ASCENT OF THE SAP 


The water columns in the xylem of 
woody plants do finally break after a pe- 
riod of years, and the older sapwood is 
progressively converted into nonconduct- 
ing heartwood, as described in p. 454. The 
precise causes of these changes are not yet 
fully understood. A point of view once held 
by many botanists is that the living paren- 
chyma cells of the xylem have some essen- 
tial function in keeping the conducting 
cells in operative condition, or even in the 
actual conduction, and that the eventual 
senescence and death of these parenchyma 
cells necessarily results in cessation of con- 


duction. The characteristic structure of 
xylem, with every conducting cell in con- 
tact with at least one parenchyma cell, 
certainly lends support to this view, but 
attempts at a more direct demonstration 
of this function have given negative or in- 
conclusive results, and botanists now tend 
to be skeptical about the whole idea. 


Possibly the relationship is the reverse 
of what has been suggested, and it is the 
breakage of the water columns in the ves- 
sels and tracheids that leads to the death 
of the associated parenchyma cells. ‘The 
dying parenchyma cells then produce the 
resins which turn the sapwood into heart- 
wood and help ward off decay. 


Root PRESSURE 


Under conditions of ample moisture, 
adequate soil aeration, and low transpira- 
tion, water may be absorbed so vigorously 
by the roots that a positive pressure, rather 
than a tension, develops in the xylem sap. 
This pressure, called root pressure, causes 
the sap to rise in the xylem. When the sap 
is under pressure, it will exude from any 
cut surface, and often from hydathodes 
and stomates as well. The formation of 
guttation drops is commonly due to root 
pressure. Measurements of the pressure of 
xylem sap seldom exceed 2 atmospheres, 
and even this amount cannot be main- 
tained when there is much transpiration. 
Root pressure, therefore, must be regarded 
as of relatively minor importance in the 
rise of the sap, superseding the Dixon 
mechanism only under favorable condi- 
tions, and even then not causing the sap 
to rise more than a few feet. 

Conditions favorable for the develop- 
ment of root pressure in woody plants 
(and consequent exudation from cuts) 
often oceur early in the spring, before the 
leaves have expanded, thus giving rise to 
the popular idea of a rise of sap in the 


spring. 
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MOVEMENT OF WATER INTO THE 
XYLEM 


Most of the water absorbed by the 
epidermal cells of the root is passed from 
cell to cell across the immature cortex and 
into the conducting elements of the xylem. 
Much of the movement takes place 
through the cell walls, which are wholly 
permeable to water, rather than through 
the protoplasts of the intervening cells. 
The detailed mechanism of the transfer 1s 
not yet fully understood, but the principle 
is simple enough: There must be a pro- 
gressive gradient of water potentials, with 
the epidermal cells having the lowest water 
potential, and the xylem eells the highest 
(as measured in negative numbers). 

Inasmuch as the epidermal cells gen- 
erally have a higher osmotic potential (re- 
flecting the higher proportion of dissolved 
solutes) than the xylem cells, the necessary 
gradient in water potcntial can only be 
maintained by differences in turgor pres- 
sure (or tension). Thus, in a slowly trans- 
piring plant which is developing root pres- 
sure, we might see an osmotic potential of 
—5 atmospheres in the epidermal cells 
offset by a turgor pressure of 4 atmos- 
pheres, leaving a net water potential of —1 
atmosphere. This figure is still higher than 
the water potential of the soil water, which 
might be in the range of 0.3 atmosphere. 
The xylem sap, on the other hand, might 
have an osmotic potential of —2 atmos- 
pheres, and a turgor pressure of 0.5 atmos- 
phere, giving a net water potential of —1.5 
atmospheres. The gradient of water poten- 
tial would thus be from about —0.3 atmos- 
phere in the soil water, to —1 atmosphere 
in ‘the absorbing epidermal cells, to —1.5 
atmosphere in the xylem elements. 

In a rapidly transpiring plant, with the 
xylem sap under tension, the same sort of 
gradient would be produced by a different 
set of figures for turgor and tension. Given 
the same water potential for the soil water, 
and the same osmotic potential for the 
epidermal cells as in the previous example, 
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we might find a turgor pressure in the 
cpidermal cells of only 1 atmosphere, and 
a turgor deficit (tension) in the xylem cells 
of —5 atmospheres. Thus the gradient of 
watcr potcntial would be from —0.3 atmos- 
phere in the soil water, to —4 in thc ab- 
sorbing cells, to —7 in the xylem sap. 
The relativelv large difference between the 
water potential of the soil water and that 
of the epidermal cells under such conditions 
would of course lcad to relatively rapid 
absorption. 


TRANSPIRATION 


Only a very small fraction of the 
water absorbed from the soil is perma- 
nently retained by the plant. The rest is 
lost, chiefly by evaporation into the air. 
Evaporation and consequent loss of wa- 
ter from a living plant is called transpira- 
tion. 


PuysicaL Basis oF TRANSPIRATION 


Evaporation is a physical phenome- 
non which results from the escape of 
more molecules of water (or any other 
liquid) into the air than are returned to 
the evaporating surface from the air. 
When a balance is reached, so that as 
many molecules return from the air to the 
liquid as eseape from the liquid into the 
air, the air is said to be saturated. Under 
ordinary conditions, the walls of living 
plant cells, unless cutinized or suberized, 
are permeated with water and present a 
moist surface to any intercellular spaces. 
The air in the intercellular spaces, in turn, 
is nearly or quite saturated with water 
vapor. 

The part of the air pressure that is 
due to water vapor is called the actual 
vapor pressure; the vapor pressure at the 
saturation point is called the saturation 
vapor pressure. The ratio between the 
actual vapor pressure and the saturation 
pressure under the same conditions is called 


the relative humidity and is usually ex- 
pressed as a percentage figure. The satura- 
tion vapor pressure of water increases di- 
rectly with the temperature, although the 
relationship is not strictly linear; an in- 
crease in temperature from 20° to 30° C 
nearly doubles the saturation vapor pres- 
sure. The saturation vapor pressure also 
varies with the air pressure, being less at 
lower pressures (and thus at higher alti- 
tudes). 


RATE OF TRANSPIRATION 


Most of the evaporation of water from 
living plant tissues occurs into the air of 
the intercellular spaces. The water vapor 
of the intercellular spaces then diffuses out 
into the air through the stomates, lenticels, 
or any other openings to the surface which 
may exist (Fig. 27.3). The speed of diffu- 
sion through a given opening is governed 
largely by the steepness of the gradient 
between the vapor pressure of the air in 
the intercellular spaces and that of the 
outside air. It also increases directly with 
the temperature, rising about 20-30 per- 
cent with every increase in temperature of 
10° C. Thus the potential rate of transpi- 
ration, under a given condition of relative 
humidity, increases very markedly with 
the temperature, because of the greater 
difference between the actual vapor pres- 
sure and the saturation pressure at higher 
temperatures, and also because of the 
greater speed of the molecules at higher 
temperatures. The relationship between 
temperature and saturation vapor pressure 
is itself a reflection of the differing speeds 
of molecules at different temperatures. 

Any part of the plant, even the roots, 
may transpire under appropriate condi- 
tions, but by far the greatest amount of 
transpiration usually occurs through the 
leaves, due to the presence of stomates and 
to the large surface area exposed to the 
sun and air. The epidermis of many stems 
also has stomates, but the surface area of 
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Fig. 27.3 Diagrammatic section of a stem and leaf, showing (arrows) paths of move- 
ment of water molecules. (From Transeau, Sampson, and Tiffany, Textbook of botany, 


rev. ed., Harper & Row, 1953.) 


stems is generally less than that of leaves, 
and older stems commonly develop a more 
or less waterproof periderm marked by 
scattered lenticels which permit only min- 
imal transpiration. The older parts of roots 
are also protected by a waterproofing layer, 
and soil conditions seldom favor much 
evaporation from the absorbing parts. 

The rate of transpiration from leaves 
is governed by the environmental condi- 
tions and by the structure and physiologi- 
cal condition of the leaf. The factors relat- 
ing to the structure and condition of the 
leaf are noted on p. 519. The environmen- 
tal factors are the same as those affecting 
evaporation from any exposed water sur- 
face. High temperature, bright sunlight, 
low humidity, high air pressure, and wind, 
all favor high transpiration. The effects of 
temperature, humidity, and air pressure 
have already been discussed. Sunshine 
raises the temperature of the leaf some- 
what above that of the surrounding air and 
also supplies directly some of the energy 
that is required to change water from a 
liquid to a gaseous state. Wind removes 
the layer of more or less saturated air that 
would otherwise develop around the leaves 
and retard transpiration. 


Under conditions favorable for trans- 
piration, the rate in most angiosperms is 
0.5-2.5 (rarely 5) grams per square deci- 
meter of leaf area per hour. The leaf area 
is calculated by simple length-width meas- 
urements, disregarding the additional sur- 
face presented by the opposite side of the 
leaf. Many herbaceous plants will transpire 
several times their own volume of water in 
a single day. It has been estimated that a 
field of corn may transpire enough water 
during the growing season to cover the 
field to a depth of 15 inches, and the rate 
of transpiration from a deciduous forest 
is probably even higher. 


IMPORTANCE OF TRANSPIRATION 


The universal occurrence of transpira- 
tion in land plants has led to the supposi- 
tion that it must have some value, and 
several values have been suggested. None 
of the suggested uses withstands examina- 
tion, however, and it is now believed that 
transpiration is merely a necessary evil. 
The exchange of gases necessary for photo- 
synthesis requires the exposure of moist cell 
surfaces to the air, and this exposure in- 
evitably results in transpiration. Instead of 
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being useful, transpiration is one of the 
most serious environmental hazards to the 
growth of land plants. 

The supposcd value of transpiration 
which most nearly holds true is the trans- 
portation of minerals from the roots to the 
stems and leaves. The mincrals are carried 
along as solutes in the transpiration stream 
and tend to become concentrated in the 
leaves as the watcr evaporates. Experimen- 
tal studies indicate that minerals also 
move freely in the phloem, however, and 
there is no evidence that plants ever suffer 
from lack of minerals due to insufficient 
transpiration, even when growing in a 
saturated atmosphere. 

It has also been thought that the cool- 
ing effect of transpiration is useful. The 
cooling is undisputed, but its importance 
seems to be negligible. Even in the virtual 
absence of transpiration, leaves readily 
transmit back to the air most of the radiant 
energy which they absorb from the sun, 
and the temperature seldom approaches 
the thermal death point even under the 
most extreme natural conditions. 


CONTROL OF TRANSPIRATION 


The features of the plant which influ- 
ence the rate of transpiration per unit area 
are chiefly the size, number, position, and 
degree of opening of the stomates, the 
thickness of the cuticle, the amount and 
distnbution of intercellular spaces in the 
mesophyll, and the proportion of hydro- 
philic colloids in the cell. The stomates 
are the principal avenues through which 
water vapor escapes from the plant. Al- 
though the cuticle of the epidermis and 
the suberized layers of stems and roots 
are not absolutely moistureproof, the 
amount of transpiration which they per- 
mit is small compared to that permitted 
by the opcn stomates. It has been pointed 
out in Chapter 26 that numerous small 
openings permit more rapid diffusion than 
a single large opening of the same total 
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Fig. 27.4 Cross section of part of a leaf of 
oleander (Nerium oleander), a sclerophyll well 
adapted to minimize transpiration. The epider- 
mis is three cells thick and has a heavy cuticle; 
the palisade tissue is two or more rows deep 
and is present at the bottom as well as at the 
top; the stomates are grouped in sunken pockets 
which are protected from the wind by tangled 
hairs. (From W. H. Brown, The plant kingdom, 
copyright 1935 and 1963; courtesy of Ginn & 
Company, Boston.) 


area, with the result that the diffusive 
capacity of the stomates of a leaf surface 
often approaches that of an opening the 
size of the leaf. 

Transpiration through the stomates is 
so great that most plants could not long 
survive under natural conditions if the 


stomates were permanently open; the sto- 
mates are, in fact, closed much of the 
time. The precise responses to environmen- 
tal conditions vary in different kinds of 
plants, but in general the stomates close or 
remain closed whenever: (1) there is any 
serious water deficiency in the leaves; (2) 
there is little or no light; or (3) the tem- 
perature is low. Any one of these three con- 
ditions usually induces and maintains clos- 
ure of the stomates, regardless of the other 
two, although, as we shall see, the stomates 
of succulents are typically open at night. 
The net result of these responses to the en- 
vironment is that the stomates are usually 
open only when photosynthesis creates a 
need for exchange of gases with the air, 
and then only if the water supply 1s reason- 
ably adequate. 

On a typical summer day, the sto- 
mates open in the morning under the in- 
fluence of light and rising temperature. 
Later in the day, the absorbing and trans- 
porting capacity of the plant is likely to 
fall behind the rate of transpiration, so 
that the leaves wilt slightly and the sto- 
mates close. The stomates remain closed 
during the night, and the plant regains its 
turgor as it continues to withdraw water 
from the soil. A similar cycle is then re- 
peated the next day. Changes in the en- 
vironmental conditions, of course, cause 
changes in the eycle. For example, when 
moisture is abundant and transpiration 
not too rapid, the stomates may remain 
open all day. Under conditions only 
slightly less favorable, the stomates may 
open in late afternoon after a period of 
closure during the hotter part of the day, 
closing again at night. 

The means by which the environmen- 
tal factors govern the changes in the guard 
cells have’ been intensively investigated, 
with only partial success. It is clear that in 
general they induce changes in the osmotic 
pressure of the guard cells, resulting in 
changes in turgor, which in turn cause 
changes in shape. An increase in turgor of 
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the guard cells, either absolutely or with 
respect to that of the other epidermal 
cells, causes the stomatal opening to 
widen, and vice versa. The kinds of guard 
cells and the changes in their shape in- 
duced by changes in turgor have been dis- 
cussed in Chapter 26. It should be noted 
that the stomates must be nearly or quite 
closed before they diminish the rate of 
transpiration very much. Because of the 
relatively greater effectiveness of small 
openings as diffusion channels, a half-open 
stomate permits a good deal more than 
half as much transpiration as a fully open 
one. 

Changes in the osmotic pressure of 
the guard cells, when the supply of water 
is adequate, are due principally to changes 
in the concentration of solutes, especially 
in the proportion of soluble to insoluble 
carbohydrates. The guard cells, unlike or- 
dinary epidermal cells, regularly have 
chloroplasts, and it is to be presumed that 
they carry on photosynthesis. They gener- 
ally contain a ¢onsiderable amount of 
carbohydrate, and changes in the propor- 
tion of soluble to insoluble carbohydrates 
influcnce the concentration of solutes and 
thus the osmotic pressure. 

The change from soluble to insoluble 
carbohydrates and vice versa is a reversible 
reaction, and the balance depends on a 
number of factors not yet wholly under- 
stood. One of the important factors is the 
pH (i.e, the acid-alkaline balance) of the 
cell sap and protoplast; the higher the pH 
(corresponding to a more alkaline reac- 
tion), the less starch. One of the factors 
influencing the changes in the pH of the 
guard cells is the concentration of carbon 
dioxide. A scarcity of CO» in the guard 
cells, induced by photosynthesis in the 
guard cells or in the adjacent mesophyll, 
shifts the pH toward the alkaline side. A 
low concentration of carbon dioxide, result- 
ing from photosynthesis, is thought to be 
the principal cause of the opening of the 
stomates in the morning, but the experi- 
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Fig. 27.5 Guard cell of tobacco-leaf epidermis. The stomatal opening here comes in 
from the lower left. The dark body with white enclosures, at right, is a chloroplast with 
included starch grains. The large nucleus lies just to the left of the chloroplast. Two 


vacuoles (bottom) and several mitochondria can also be seen. (Xx about 10,000.) (Elec- 
tron micrograph courtesy of T. E. Jensen.) 





mental evidence so far available is not epidermal cells, causing the stomates to 
wholly conclusive. close before the leaf is irreparably dam- 
There is some evidence that reduc- aged. 
tion in water content of the guard cells, The effects of the structural and phys- 
such as occurs during incipient wilting iological features of the plant on the rate 
under excessive transpiration, causes a de- of transpiration are for the most part fairly 
crease in the pH of the cell sap, which in obvious. A thick cuticle, a high proportion 
turn causes some of the soluble carbohy- of hydrophilic colloids, and a low propor- 
drates to be reconverted to insoluble tion of cell-wall surface exposed to inter- 
starch. The lowered osmotic potential of cellular space all tend to reduce the rate. 
the guard cells results in a further osmotic The size and distance apart of the sto- 


flow of water from them into the adjacent mates have some effect, but not as much 


as might at first be expected, partly be- 
cause the two tend to offset each other, 
and partly because the diffusive capacity 
does not increase in-direct proportion to 
the size. Restriction of the stomates to the 
lower surface of the leaf, which occurs in 
many plants, minimizes the direct effect 
of the sun in promoting transpiration. Pro- 
tection of the stomates by a layer of hair 
on the leaf or by their restriction to sunken 
pockets doubtless has some effect, at least 
in some plants, but experimental evidence 
suggests that it is not usually very impor- 
tant. Features which tend to restrict trans- 
piration are further discussed on pp. 524- 
526 in connection with xerophytes. 


GUTTATION 


Under conditions of root pressure, 
liquid watcr often exudes from hydathodes 
(see p. 503) or ordinary stomates, and 
perhaps even through the cuticle, forming 
guttation drops (Fig. 27.6). Guttation 
water carries some solutes, but not neces- 
sarily in the same proportions as the xylem 
sap or the cell sap of the leaves. The pro- 
portion of sugars in the guttation water 
is apt to be lower than that in the cell sap, 
but the proportion of some minerals may 
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be higher. It has been suggested that gut- 
tation water sometimes serves to excrete 
an excess of certain minerals, but the func- 
tional significance of the excretion remains 
to be demonstrated. The concentration of 
minerals obtained at the surface of the 
leaf or stem by evaporation of guttation 
water sometimes becomes great enough to 
damage the tissue and has been blamed 
for the tip burn of the young leaves of 
some crop plants under certain conditions. 


HYDROPHYTES, MESOPHYTES, AND 
XEROPHYTES 


Plants may be classified ecologically as 
hydrophytes, mesophytes, or xerophytes, 
according to the abundance of water in 
their habitat. Hydrophytes grow in water; 
xerophytes grow in very dry places. Meso- 
phytes grow on land but not in extremely 
dry sites. The vast majority of angio- 
sperms are mesophytes. There is every de- 
gree of transitiori between hydrophytes 
and mesophytes and between mesophytes 
and xerophytes, but it is possible to note 
some featurcs characteristic of each group. 

Hydrophytes (Fig. 27.7) have an 
abundant supply of water but a scanty sup- 
ply (at least for the submerged parts) of 


Fig. 27.6 Guttation drops 
on a strawberry leaf. (Photo 
courtesy of J. Arthur Her- 
rick.) 
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Fig. 27.7 Hydrophytes at the New York Botanical Garden. Parrot’s feather 








(Myrio- 


phyllum brasiliense, in the immediate foreground; water hyacinth (Eichhornia crassipes), 
behind the Myriophyllum; papyrus (Cyperus papyrus), the tall plants toward the rear; 
water lily (Nymphaea), left foreground; Oriental lotus lily (Nelumbo nucifera), emergent 
leaves toward the rear at the left. (New York Botanical Garden photo.) 


oxygen. ‘l’heir structure generally reflects 
an adaptation to these conditions. The 
submerged parts usually lack stomates and 
have little if any cutin, but they commonly 
have an extensive system of air cavities, 
often reaching cven into the roots. Much 
of the oxygen released in photosynthesis 
is retained in the air cavities and is avail- 
able for use in respiration. 

The roots of hydrophytes and near- 
hydrophytes (i.¢., terrestrial plants which 
occur in saturated soils) readily grow in 
saturated soil and absorb water from it, 
but the roots of most mesophytes and 
xerophytes do not penetrate very far into 
saturated soil and absorb little or no water 
while the soil is saturated. The inability 
of mesophytes and xerophytes to grow and 
absorb in saturated soils is apparently due 


to the low oxygen supply and consequent 
interference with respiration and other 
metabolic processes which maintain condi- 
tions favorable for absorption. The ability 
of roots of hydrophytes and near-hydro- 
phytes to grow in and absorb from satu- 
rated soils is apparently due, in some cases, 
to an aerating system, and in others to a 
greater ability to carry on anaerobic respi- 
ration, or to a combination of these two 
factors. 

The aerial parts of hydrophytes are 
subject to environmental conditions ap- 
proaching those of mesophytes, and the 
similarity of environment is reflected in 
the structure. Cuticle and stomates are 
usually well developed, and aerating tissue 
is generally much less prominent. 

Xerophytes face, in an exaggerated 


ey 
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Fig. 27.8 Royal water lily (Victoria cruziana) in the conservatory of the New York 


Botanical Garden. (New York Botanical Garden photo.) 


form, the same type of conditions which 
eonfront mesophytes: the supply of soil 
moisture is likely to be inadequate, and the 
aerial parts need some protection from 
evaporation which will not also prevent 
exchange of gases with the atmosphere. 
The standard adaptation to these condi- 
tions, in both mesophytes and xerophytes, 
is the protection of the photosynthetic tis- 
sues by an epidermis that is covered by a 
cuticle and interrupted by stomates. Older 
or nonphotosynthetic tissues are frequently 
covered by a periderm with scattered lenti- 
cels. Most xerophytes also have some addi- 
tional means of combating drought, as 
indicated below. 

Xerophytes, which face the more ex- 
treme conditions of water scarcity, may 
mostly be divided into three groups: (1) 
ephemerals, (2) succulents, and (3) 
drought-enduring species. 

Ephemerals (Fig. 27.9) are short-lived 
annuals which complete their life cycle 


err» 


g 


within a few weeks when the soil is moist 
(usually in the spring) and survive the dry 
period as seeds. They are a conspicuous 
feature of the landscape in the spring dur- 
ing a good year in the southwestern United 
States and in similar areas elsewhere in the 
world. During their period of activity, 
ephemerals are no more drought-resistant 
than typical mesophytes, and they are 
often classified as drought-escaping mes- 
ophytes. The ephemerals belong to many 
different taxonomic families, all of which 
also contain many ordinary mesic species. 
Succulents (Fig. 27.10) are charaeter- 
ized .by the accumulation of reserves of 
water in the fleshy stems or leaves, due 
largely to the high proportion of hydro- 
philic colloids in the protoplasm and cell 
sap. Some of them, such as the cacti, also 
have much reduced leaves, and the photo- 
synthetic parts generally have a very thick 
cuticle. 
Succulents commonly have the stomates 
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Fig. 27.9 Monoptilon  bellidiforme, an ephe- 
meral annual, in the Mojave desert of California. 
Annuals in the Mojave desert are typically winter 
annuals, which germinate in the fall, grow slowly 
and inconspicuously during the winter, and burst 
into bloom in the spring, setting seed and dying 
soon thereafter. In some deserts, such as the 
Chihuahuan desert farther east, which have a 
different seasonal pattern of precipitation, ephe- 
meral annuals commonly germinate, flower, set 
seed, and die within a period of a few weeks. 
(Photo by Rupert C. Barneby.) 


open at night, and during dry weather they 
may be open only at night. ‘This pattern 
does not restrict photosynthesis as much as 
might be expected. Starch is converted at 
night into malic acid and other ‘organic 
acids, incorporating some carbon dioxide 
in the process. In the daytime these acids 
break down, liberating carbon dioxide, 
which is used in the “dark reactions” of 
photosynthesis to make more starch. Other 


things being equal, there is a net gain of 
starch from one day to the next. Thus the 
energy-trapping early steps of photosyn- 
thesis are carried on behind tightly closed 
stomates during the day, and the carbon 
dioxide that is to be incorporated into 
photosynthate is taken on at night, when 
the stomates can be open without permit- 
ting an undue amount of transpiration. 

The (Cactaceae, Crassulaceae, and 
Aizoaceae are characteristically sueculent, 
and the Euphorbiaceae and Liliaceae (in- 
cluding Amaryllidaceae) also contain many 
succulent species. The Aizoaceae and the 
succulent members of the Euphorbiaceae 
are principally African; the Cactaceae are 
wholly American (although they have 
been introduced into the Old World). 
The whole order Caryophyllales, to which 
the Aizoaceae and Cactaceae belong, shows 
a tendency toward producing succulent 
species and other species with a high water 
potential. The family Chenopodiaceae, of 
this order, has many halophytic species, 
and a good number of these halophytes 
are also succulent. 

Drought-enduring species are charac- 
terized by the ability to endure desiccation 
without irreparable injury. Creosote bush 
(Larrea tridentata) (Fig. 27.12), a charac- 
teristic species of the deserts of southwest- 
ern United States and northern Mexico, is 
highly drought-enduring. It is evergreen, re- 
taining many of its small, firm leaves 
throughout the dry season. During dry 
periods, the water content of the leaves 
may sink to less than 50 percent of their 
dry weight, in contrast to the leaves of 
most woody mesophytes, in whieh the 
water content generally ranges from 100- 
300 percent of the dry weight. Under such 
conditions the leaves are of course largely 
dormant; only when the water supply 
again becomes adequate do they return to 
physiological activity. 

A variety of other adaptations aid 
drought resistance of some species. Fre- 
quently the aerial part of the plant is very 
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Fig. 27.10 Miscellaneous succulents. From left to right, Opuntia, Aloe obscura, Eche- 
veria corderoyi, Crassula argentea, Agave horrida. (New York Botanical Garden photo.) 
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Fig. 27.11 Saguaro cactus (Cereus giganteus), in the desert of southern Arizona. 
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Fig. 27.12 Creosote bush (Larrea tridentata), in 
the desert of southern Arizona. 


small in proportion to the root system. 
The cuticle is commonly rather thick, and 
the stomates may be sunk in pockets or 
protected by pubescence. (Pubescence is 
not restricted to xerophytes, however, and 
its significance in restricting transpiration 
has been overestimated.) The leaves some- 
times fall off during the dry season, mini- 
mizing the loss of water during the period 
of shortest supply. 








Many drought-enduring species have 
firm leaves with a high proportion of 
sclerenchyma or other strengthening tis- 
sue. Such plants are called sclerophylls. It 
was once thought that the sclerophyllous 
structure minimized transpiration, but this 
idea has not been borne out by experimen- 
tal studies. These tend to show, instead, 
that when moisture is plentiful there is no 
great diffcrence in the transpiration rates 
of sclerophylls, most other xerophytes, and 
typical mesophytes. Possibly the strength- 
ening tissue merely serves to prevent me- 
chanical injury while the leaf is physiolog- 
ically wilted during periods of drought. T'he 
ability to endure desiccation is evidently 
the basic factor in drought endurance. 


PHYSIOLOGICAL DROUGHT 


When a considerable amount of 
water is present in the soil but not readily 
available for absorption, there is said to be 
a physiological drought. A high concentra- 
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Fig. 27.13 Ocotillo (Fou- 
quieria splendens), in the 
desert of southern Arizona. 
Ocotillo produces normal 
green leaves after a rain and 
sheds them when the soil 
dries. 


tion of solutes in the soil water, as dis- 
cussed on pp. 511-512, is a typical cause of 
physiological drought. Another is the freez- 
ing of the soil water in the winter. Some 
transpiration continues to occur even from 
the bare branches of deciduous trees in the 
winter, and winter killing of trees in the 
northern United States and Canada is 
often due to physiological drought rather 
than to the direct effect of low tempera- 
ture on the protoplasm. 
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ANGIOSPERMS: 
MINERAL NUTRITION 





Effects of calcium deficiency on young plants of Romaine lettuce. Normal plants at 
left, in each photograph, calcium-deficient plants at right. (Photos courtesy 
of James Vlamis.) 
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INTRODUCTION 


The elements essential for plant 
growth and their roles in cellular metab- 
olism have been discussed in Chapter 3. 
Among land plants, the soil is the usual 
source for all these elements except carbon 
and some of the oxygen. The carbon is ob- 
tained directly from the air, as carbon di- 
oxide. Some of the necessary oxygen is 
obtained from the carbon dioxide and 
some from the water and other substances 
in the soil. The ability of many legumes 
and some other higher plants to augment 
their supply of nitrogen through symbiosis 
with nitrogen-fixing bacteria 1s well known, 
as iş also the insectivorous habit of some 
bog plants, but the majority of land plants 
are directly dependent on the soil as the 
sole source of nitrogen. 

In plant physiology it is customary to 
apply the term minerals to the inorganic 
substances, except water, that are ordi- 
narily obtained from the soil. In this chap- 
ter we shall consider the occurrence, ab- 
sorption, and transportation of minerals, 
and something of their roles in the metab- 
olism of the plant. 

Most minerals are absorbed in the 
form of ions, which are electrically charged 
particles that result from dissociation of 
molecular components in solution. Some 
molecules of the compound calcium ni- 
trate (Ca(NO3)2), for example, dissociate 
in solution to form calcium (Ca++) and 
nitrate (NO3~) ions. Ions with a positive 
electric charge, as indicated by the + 
signs, are called cations, and those with a 
negative charge, as indicated by the — 
signs, are called anions. 


THE MEANING OF pH 


One of the important factors influ- 
encing the availability of minerals is the 
degree of acidity or alkalinity of the soil 
solution. A very small fraction of the 


molecules of water dissociate to form Ht 
and OH- ions. H+ ions are the essential 
particles of an acid, and OH- ions are the 
essential particles of a base. When there is 
an equal number of H+ and OH- ions in 
solution, as in pure water, the solution 1s 
neutral; if there are more H+ than OH— 
ions, it 1s acid; and if there are more OH- 
than H+ ions, it is basic. In pure water the 
fraction of molecules which dissociate 1s 
about 1/10,000,000, a figure which may be 
more conveniently expressed as 1/107. If 
more H+ ions are added from any source, 
the number of OH- ions diminishes, be- 
cause some of the OH- ions become 
bound to the new H+ ions. If more OH- 
ions are added, the number of H+ ions de- 
creases. The ratio of H+ ions to intact 
molecules of water can thus be used as an 
indicator of the degree of acidity, or alka- 
linity (basicity) of a solution. The power 
of 10 represented by the denominator of 
the fraction is used as a convenient meas- 
ure of the proportion of H+ ions, and is 
called the pH (an abbreviation for “Po- 
tenz {=power| Hydrogen”). Thus a pH 
of 7 indicates a neutral solution, with a 
ratio of 1/107 (=1/10,000,000) between 
H+ ions and molecules of intact water. A 
pH of less than 7 indicates an acid solu- 
tion, and a pH of more than 7 indicates a 
basic solution. The higher the pH, the 
fewer the H+ ions in solution, and vice 


versa. 
It should be noted that pH is a loga- 


rithmic rather than a simple arithmetical 
measure. At a pH of 6, there are 10 times 
as many H+ ions as at a pH of 7, and at 
a pH of 5, there are 100 times as many H+ 
ions as at a pH of 7; likewise pH’s of 8 and 
9 indicate concentrations only Yo and 
M ọọ as great, respectively, as a pH of 7. 
Different kinds of acids and bases 
differ in both their degree of solubility in 
water and in the extent to which they 
dissociate in solution. A strong acid or base 
is one in which a high proportion of the 
molecules dissociate, thus releasing a high 
proportion of H+ or OH- ions. 
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OCCURRENCE OF MINERALS 


Soil ordinarily consists of a mixture 
of organic and inorganic solid particles, 
together with some water, organic and in- 
organic solutes, and air. In a broad sense, 
all inorganic material in the soil is mineral 
matter; thus a soil with little or no organic 
matter is called a mineral soil. Only par- 
ticles of molecular and submolecular size 
can be absorbed by plants, however, and 
it is with these very small particles that 
we are here concerned. 

Mineral ions occur in the soil both 
free in solution and adsorbed to soil par- 
ticles of colloidal size. The adsorption of 
ions is due to the electric imbalance 
(charge) of the clay particles and organic 
compounds which make up the colloidal 
fraction of the soil. The imbalance of the 
clay particles is usually due to an oversup- 
ply of electrons, and these particles, there- 
fore, have a particular affinity for the cat- 
ions of the soil solution. These cations 





Fig. 28.1 Effect of copper deficiency in tobacco. 
(Photo courtesy of R. A. Steinberg, U.S. Depart- 
ment of Agriculture.) 


sometimes occur within the latticework of 
the crystalline structure of the clay par- 
ticles, as well as at the surface. 

The principle cations found in most 
soils are H+, Cat+, Mg++, K+, and 
Nat, here given in the usual order of 
decreasing tenacity with which they are 
held by the soil particles. Many other cat- 
ions, including those of copper, iron, 
manganese, molybdenum, and zinc are 
generally present in small amounts. It will 
be noted that Ca++ is one of the ions 
most tenaciously held by the clay particles. 
One effect of the addition of lime to the 
soil is the replacement of some of the 
other adsorbed ions by ealcium ions; the 
displaced ions are released into the soil 
solution, from which they are more readily 
taken into the roots. 

The principal anions found in most 
soils are Cl-, SO.--, HCO3-, H2PO,-, 
NO;—, and OH~—. Except for phosphates, 
most anions readily leach out of the soil. 
In neutral and alkaline soils, the phosphate 
ions generally combine with calcium or 
magnesium to form compounds that are 
not highly soluble. In acid soils, the 
HPO,- ions tend to replace OH- ions 
in the mineral kaolinite and in hydrated 
oxides of iron and aluminum. 

The supply of a particular element 
available to a plant varies in different kinds 
of soils and under different conditions. 
Boron, iron, manganese, and zinc tend to 
be converted to insoluble or otherwise un- 
available forms in soils with a pH of 7 or 
above. Available copper is often deficient 
in soils with a high proportion of organic 
matter, especially if they are alkaline and 
have a considerable amount of ferrous 
(divalent) iron. Waterlogged soils are usu- 
ally deficient in available nitrogen, al- 
though the total nitrogen content is often 
much greater than in ordinary soils. Phos- 
phorus is most available in nearly neutral 
or slightly acid soils and becomes progres- 
sively less available in more basic or more 
strongly acid soils. Addition of phosphate 


to the soil may bring on an iron shortage, 
by the formation of insoluble iron phos- 
phate. Deficiency of molybdenum under 
natural conditions has been reported only 
for soils derived from serpentine rock. 
Serpentine soils are usually also very low 
in calcium. Under continuous farming 
without fertilization, the supply of all 
mineral nutrients is depleted, but defi- 
ciencies in nitrogen, phosphorus, and po- 
tassium are likely to be the most serious, 
partly because these elements are used in 
such large quantities. 


ABSORPTION 


DIFFERENTIAL ABSORPTION 


Ions may be absorbed by the roots 
either from the soil solution, or (probably 
with greater difficulty) directly from the 
soil particles to which they had been ad- 
sorbed. ‘They are not generally absorbed 
in the same proportions as they are present 
in the soil solution or on the colloidal sur- 
faces. Some ions, on the contrary, are 
much more vigorously absorbed than 
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Fig. 28.2 Effect of boron deficiency in tobacco. 
Plants of this same age, supplied with a full 
nutrient solution, were in bloom. (Photo cour- 
tesy of R. A. Steinberg, U.S. Department of 


Agriculture.) 
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others, and different kinds of plants some- 
times differ greatly in their affinity for 
various kinds of ions. 

Differential absorption is strongly sup- 
ported by circumstantial evidence, as well 
as having been experimentally demon- 
strated with radioactive isotopes. Some 
plants which require selenium for proper 
growth may have more than 1000 parts 
per million Se when growing in soil con- 
taining only | or 2 parts per million. Other 
kinds of plants growing in the same soil 
may have only minimal amounts of sele- 
nium. The selenium in the plant is mostly 
not in ionic form, of course, as it substi- 
tutes for sulfur in various proteins and 
other organic compounds, but such high 
concentrations could not be obtained if 
the element were absorbed only in pro- 
portion to its concentration in the soil. 

The rate of absorption of individual 
kinds of ions is also influenced by the 
kind and amount of other ions present in 
the soil solution and in the cell. For ex- 
ample, the preserice of divalent cations 
such as Ca++ in the soil solution tends 
to increase the rate at which monovalent 
cations such as K+ are absorbed. 

Differential absorption is only partly 
effective in governing the amounts and 
proportions of minerals absorbed. ‘The 
higher the concentration of a particular 
kind of ion, the more of it is likely to be 
absorbed. ‘Toxic concentrations of the 
trace elements are easily obtained experi- 
mentally and sometimes occur in nature 
as well. 


ELECTRICAL BALANCES 


Cations and anions are probably ab- 
sorbed in about equal amounts (as meas- 
ured by the electrical charge), so that there 
is no significant change in the electrical 
balance of the plants or of the soil. Even 
if an excess of cations wcre absorbed, 
however, or vice versa, the effect might not 
be obvious. Both the soil and the proto- 
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plasm of the cell are buffered to some ex- 
tent against electrical changes. 

The colloidal fraction of the soil prob- 
ably seldom, if ever, holds as many ad- 
sorbed ions as its theoretical capacity, and 
any change in the proportions of anions 
and cations in the soil solution would tend 
to be balanced by changes in the amount 
of adsorbed ions. Any electrical change in 
the soil due to differential absorption of 
cations and anions would be minor com- 
pared to the changes brought about by 
other factors, notably the weather, and 
any very strong electric imbalance is even- 
tually adjusted by a flow of electrons into 
or out of the air. The occurrence of such 
a flow should be familiar to anyone who 
has ever seen a thunderstorm or a light- 
ning rod. 

Protoplasm is also a colloidal system 
which permits some variation in the 
amount and proportions of adsorbed ions. 
The cell sap, however, 1s maintaincd in an 
electrostatically neutral condition. Often 
a measurement of the inorganic ions alone 
shows a large excess of cations, but this is 
balanced by organic anions (chiefly of or- 
ganic acids) synthesized in the cells. In 
some instances the excess of inorganic 
cations is due to the quick use of the cor- 
responding anions (notably NO3) in the 
formation of organic compounds. 


MECHANISMS OF ABSORPTION 


The mechanisms by which minerals 
are absorbed from the soil are only partly 
understood. Simple diffusion is not an ade- 
quate explanation, inasmuch as the con- 
centration of mincral solutes in the cell 
sap 1s generally grcater than that in the 
soil solution. 

After a great dcal of study, it has be- 
come clear that the bulk of mineral ab- 
sorption occurs against the concentration 
gradient and that respiratory energy 1s 
used in the process. Either aerobic or 
anaerobic respiration is effective, as long as 


energy is released beyond that required 
for other metabolic processes. In most 
land plants, however, anaerobic respira- 
tion does not provide enough energy for 
rapid absorption, and plants which nor- 
mally grow in wellaerated soils do not 
usually absorb either water or minerals 
freely when the soil is saturated with 
water. 

Under ordinary conditions, and other 
things being equal, the rate of mineral ab- 
sorption commonly rises by a factor of 
about 2 or 3 for each rise in temperature 
of 10°C. The influence of temperature is 
due partly to its effect on respiration and 
partly to its effect on the mobility of ions. 

Experiments under conditions of 
moderate or slow respiration have usually 
indicated that the cytoplasmic membrane 
is not very readily permeable to most min- 
eral solutes. Under conditions of more 
rapid respiration, however, it evidently per- 
mits the entry of many solutes, while re- 
stricting their exit. It 1s thus clear that a 
directional difference in the permeability 
of the cytoplasmic membrane is main- 
taincd by the expenditure of respiratory 
energy, but the means by which the energy 
exerts its effect remains obscure. The rela- 
tive amounts of the various ions found in 
plant cells seem not to be correlated with 
the lipoid solubility, kinetic activity, or 





Fig. 28.3 Effect of iron deficiency in tobacco. 
Plants of this same age, supplied with a full 
nutrient solution, were in bloom. (Photo cour- 
tesy of R. A. Steinberg, U.S. Department of 
Agriculture.) 
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physical dimensions of the ions. The in- 
ference has been drawn that the effect of 
respiration on permeability involves the 
temporary formation of compounds of the 
entering ions with some protoplasmic con- 
stituents, but the validity of the inference 
remains to be determined. 

The general term cytoplasmic mem- 
brane is used advisedly in the preceding 
paragraph, because the roles of the plasma 
membrane, vacuolar membrane, and the 
intervening cytoplasm are not yet clear. 
One hypothesis is that energy 1s expcnded 
at the surface of the plasma membrane to 
incorporate the ions into compounds 
which migrate through the cytoplasm (by 
diffusion and cytoplasmic cyclosis) to the 
vacuolar membrane, where thcy break 
down, releasing energy and liberating the 
ions into the vacuole. The hypothesis 1s in 
accord with some reeent evidence that, in 
the absence of active absorption, minerals 
in the cytoplasm are easily lost to the soil 
solution whereas those in the vacuole are 
more firmly retained. 

The supply of cations for absorption 
into the cytoplasm is governed to some 
extent by an ionic exchange mechanism. 
Actively absorbing roots are actively re- 
spiring and consequently liberating carbon 
dioxide. Some of this carbon dioxide reacts 
with the water of the soil solution to form 
carbonic acid, H2CQs, which in turn dis- 
sociates to some extent, liberating H+ ions. 
The root surface and the soil water im- 
mediately surrounding it, therefore, have a 
relatively high supply of H+ ions. Some 
of these replace other cations that had 
been adsorbed to the colloidal soil par- 
ticles, transferring these other ions to the 
soil solution or directly to the root surface, 
as the case may be. Some of the H+ ions 
at the root surface are also exchanged for 
mineral cations of the surrounding soil 
solution. 

Mineral eations adsorbed to the outer 
surface of the cell wall of the absorbing 
part of the root are believed to be trans- 
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ferred through the wall by further ex- 
change with H+ ions, in a process some- 
what similar to diffusion, except that the 
movement of the ions is restricted to a 
very small orbit adjacent to the adsorbing 
surface. It will be recalled that the cell 
wall is not a homogeneous layer but rather 
is composed of overlapping micelles with 
a good deal of interspace. 

The supply of anions for absorption 
by the root may also be influenced by an 
ionic exchange mechanism, but the situa- 
tion herc is less clear. 


EFFECT OF ABSORPTION ON pH 


The pH of the soil solution is gov- 
erned by a complex balance of faetors 
relating especially to the kinds, amounts, 
and proportions of anions and cations with 
which the H+ and OH- ions may asso- 
ciate, the extent to which the molecules 
dissociate in solution, and the degree of 
solubility of the intact molecules. Differ- 
ential absorption’ of ions by the roots 
modifies this balance and consequently 
affects the pH of the soil solution. 

Plants growing in cxperimental cul- 
ture solutions may change the pH in either 
direction, dcpending on the kind of plant 
and mineral nutrients supplied, and in- 
deed it is often difficult to maintain the 


pH in such solutions at a level which will 
permit normal absorption and growth. 


Under ordinary farm and garden condi- 
tions, with some part of the plant being 
harvested and removed from the soil, the 
net effect of the absorption is almost al- 
ways to decrease the pH. The various min- 
eral cations adsorbed to the clay particles 
are progressively replaced by Ht ions, 
making the soil more acid. The clay mi- 
celle with its adsorbed ions may be 
thought of as a chemical compound, an 
acid which dissociates to some extent to 
provide the H+ ions which are the essen- 
tial constituents of an acid. 

Differential absorption would also 
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modify the pH of the protoplasm and the 
cell sap, except that the plant has a deli- 
cate and effective buffer system which 
tends to counteract any such changes. Any 
change in the pH shifts the equilibrium 
in some reversible reactions among the cell 
constituents, resulting in the restoration 
of the pH nearly or quite to the original 
point. A similar but less sensitive buffer 
system exists in most soils. 


ControL oF Som pH 


Under natural conditions the pH of 
most soils is relatively stable, undergoing 
only minor changes from season to season 
and under varying moisture conditions. 
The ionic factors which immediately gov- 
ern the pH of the soil are controlled prin- 
cipally by the size, kind, and proportions 
of mineral particles, the kinds and amount 
of organic matter, the kinds and amounts 
of solutes, and the amount of moisture in 
the soil. These factors in turn are influ- 
enced by the climate, the nature of the 
parent material from which the soil is 
derived, the vegetation, and the topog- 
raphy. The vegetation and the topography 
are themselves influenced by the climate, 
and, given sufficient time, the effect of the 
climate also tends to overcome even the 
effect of the parent material. Climate is 
thus the most important factor governing 
not only the pH but also the other charac- 
teristics of the soil, but its effect is tem- 
pered and sometimes even outweighed by 
other factors. 

Soils of arid regions usually have a 
higher pH than those of moist regions; 
soils of warm regions tend to have a higher 
pH than those of cooler regions; soils with 
a considerable amount of organic matter 
usually have a lower pH than ‘mineral 
soils; and mineral soils derived from acid 
rocks, such as granite, usually have a lower 
pH than those derived from basic rocks, 
such as basalt. The most fertile soils, in 
reasonably moist regions of the temperate 


zone, usually have a pH of from 6 to 6.5 
or nearly 7. Readings as low as 4 and as 
high as 11 have been obtained in some 
less common types of soils. 

Continuous cropping of soils, espe- 
cially in regions suitable for farming with- 
out irrigation, tends to decrease the pH 
progressively and to exhaust the supply of 
mineral nutrients. As the pH decreases, 
the phosphate and probably some other 
anions become progressively less available, 
and the concentration of aluminum ions 
often reaches toxic proportions. 

In order to maintain soil fertility 
under such conditions, it is necessary perl- 
odically to raise the pH to about 6 or 6.5 
and to replenish the supply of minerals. 
Usually the pH is increased by adding 
calcium carbonate (CaCOs3) to the soil. 
Lime (Ca(OH)s) is equally effective but 
more expensive. In farming practice, it 1s 
customary to expand the term lime to in- 
clude calcium carbonate. 

When a soil is limed, the calcium 
carbonate dissociates to sorne extent in the 
soil solution, forming Ca++ ions and 
CO;-— ions. Some of the H+ ions of the 
clay micelles are then exchanged for Catt 
ions. The H+ ions released from the clay 
combine with the carbonate ions of the 
solution to form carbonic acid (HzCQs), 
a weak acid which tends to break up into 
water and carbon dioxide. The H+ ions 
are thus progressively removed from the 
soil solution, and the pH increases. 

If the clay is, for convenience, repre- 
sented by the symbol Z, and the clay with 
adsorbed hydrogen ions by HZ, the reac- 
tions may be indicated in the following 
set of reversible equations: 


HZ + CaCO; = CaZ + HeCQs. 
HCO; = HO + COs. 


It should be noted that HZ and CaZ are 
not precise chemical formulas, inasmuch 
as each clay micelle ordinarily has a num- 
ber of adsorbed ions, not all of the same 





Fig. 28.4 Effect of molybdenum deficiency in 
tobacco. (Photo courtesy of R. A. Steinberg, 
U.S. Department of Agriculture.) 


kind. The calcium, hydrogen, and clay, 
therefore, do not have to be balanced on 
opposite sides of the first foregoing equa- 
tion. 

As the exchange of H+ and Catt 
ions continues, the supply of H+ ions for 
replacement decrcases, and the supply of 
Ca++ ions to replace them also decreases. 
Eventually a balance is reached, with some 
H+ as well as Ca++ and other ions ad- 
sorbed to the clay. The more heavily the 
soil is limed, the more H+ ions of the clay 
are replaced and bound up in water, and 
the higher the pH becomes. 

Too high a pH of the soil solution is 
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as much to be avoided as too low. At a 
pH of more than 7, the iron, manganese, 
boron, and zinc tend to be converted to 
unavailable forms. Deficiency of available 
iron is one of the most common causes of 
chlorosis (yellowing of the leaves) in basic 
soils. 


MINERAL-ABSORBING CAPACITY OF DIFFER- 
ENT KINDS OF CELLS 


The ability to absorb minerals against 
the concentration gradient by the use of 
respiratory energy secms to be confined 
largely to meristematic or immature cells. 
As the cclls mature and lose their capacity 
for growth and division, they usually also 
lose their capacity to absorb minerals 
against the gradient. The only rapidly 
growing cells of the root that are exposed 
to the soil are the outer (pre-epidermal) 
cells of the region of elongation, and it is 
in this region that most absorption of 
minerals occurs. Young, rapidly enlarging 
root hairs at the*base of the region of 
maturation may also be expected to ab- 
sorb minerals. 


ROLE OF MYCORHIZAE IN MINERAL ABSORP- 
TION 


Experimental work on mineral ab- 
sorption by vascular plants has been done 
almost entirely with plants that do not 
have mycorhizae under the conditions of 
the experiment. In mycorhizal plants 
much of the mineral absorption is pre- 
sumably carried on by the fungus, espe- 
cially if the fungus forms a mantle over 
the root surface. The elements usually 
absorbed by higher plants in mineral 
form are also absorbed by the fungus as 
components of more complex organic com- 
pounds, and doubtless some of these 
compounds, or their metabolic dcscend- 
ents, are often transferred to the higher 


plant symbiont. There is some reason to 
believe that in tropical forests most of the 
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minerals are recycled through mycorhizae, 
rathcr than being converted into free ions 
that are absorbed by roots. 


MINERAL ABSORPTION BY AERIAL ORGANS 


Absorption of minerals by aerial or- 
gans of most plants is ordinarily insignifi- 
cant under natural conditions. Epiphytes 
such as Spanish moss (Tillandsia usneo- 
ides), which absorb water from the ex- 
posed aerial surface when wet, are, of 
course, dependent on the solutes of that 
water for their minerals. 


All of the necessary minerals, includ- 
ing nitrogen, appear to be readily absorbed 
when sprayed on the leaves in dilute solu- 
tion. Too strong a solution will eause re- 
verse osmosis and eventual protoplasmic 
damage, just as in the soil water. Chlor- 
osis caused by iron deficiency can be over- 
come by spraying with ferrous sulfate. 
Pineapples in Hawaii and citrus fruits in 
California are among the crops frequently 
so treated. Copper, manganese, boron, and 
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Fig. 28.5 Effect of zinc deficiency in tobacco. 
Plants of this same age, supplied with a full 
nutrient solution, were in bloom. (Photo cour- 
tesy of R. A. Steinberg, U.S. Department of 
Agriculture.) 


zinc are also supplied to some erops in 
some areas by spraying. 


TRANSPORTATION 


Minerals move upward from the roots 
in the xylem and, to a usually lesser ex- 
tent, in the phloem. The means by which 
they pass from cell to cell and into the 
sieve tubes and xylem elements are still 
controversial. Perhaps the most generally 
accepted view is that the movement from 
cell to cell occurs chiefly through the 
plasmodesmata by simple diffusion, aided 
by cyclosis. There may also be some move- 
ment in the interstices of the cell walls and 
in the intercellular spaces. There is nothing 
incompatible in these two possible path- 
ways; one would not prevent the other. 

The greater problem is to explain the 
movement of minerals from living cells 
into the dead conducting cells of the 
xylem. One view is that those living cells 
near the conducting cells, being less well 
aerated than the outer cells, do not have 
the metabolic capacity to retain large 
quantities of minerals, and simply let them 
leak out into the xylem elements. A slight 
modification of this view is the suggcstion 
that these internal cells contain substances 
which inhibit the metabolic activities 
necessary to retain the minerals in com- 
bined form. Still another suggestion is that 
the differentiating xylem cells to which the 
minerals are transferred are in fact still 
alive when the minerals enter. Inasmuch as 
the most rapid mineral intake apparently 
occurs in the region of elongation, this idea 
should not be rejected out of hand. 

Experimental and circumstantial evi- 
dense indicates that most of the upward 
movement of minerals ordinarily occurs in 
the xylem sap. Once they enter the xylem 
sap, the mineral ions are passively carried 
upward in the transpiration stream. The 
endodermis, with its suberized Casparian 
strips, then tends to keep the minerals 
from leaking back into the cortex. 


Further experiments have clearly 
shown that when movement through the 
xylem is artificially interfered with, the 
minerals move upward freely in the 
phloem. Phloem is primarily a food-con- 
ducting tissue, and the mechanics of move- 
ment of solutes through it are discussed in 
Chapter 29. 

Most minerals move upward and are 
distributed in the same form in which they 
enter the plant. Nitrogen and probably 
also phosphorus and sulfur, however, are 
carried both as inorganic ions and as or- 
ganic compounds that have been made in 
the roots. The organic compounds as well 
as the mineral ions move in both the 
phloem and the xylem. 


FUNCTIONS OF THE NECESSARY 
MINERAL ELEMENTS 


The functions of the elements neces- 
sary for plant growth have been discussed, 
at the cellular level, in Chapter 3. The 
division of labor in a multicellular plant 
eauses a greater requirement for certain 
elements in some tissues than in others, 
and in these plants an insufhciency of any 
particular element causes characteristic 
visible symptoms. Our knowledge of the 
special roles of the various elements in 
the metabolism of the plant as a whole 
has been gained largely by observations of 
these symptoms in experimental cultures 
with one or another of the elements in 
short supply. More recently it has become 
possible to follow the distribution of the 
individual elements by the use of radio- 
active isotopes. 

The roles of the various necessary ele- 
ments are interrelated in a very complex 
way, so that increase or decrease in the 
supply of any one element influences di- 
rectly or indirectly the need for one or 
several others. Sodium, although not itself 
considered necessary, can substitute for 
part of the necessary potassium. An inade- 
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quate supply of phosphorus can be partly 
compensated for by an extra supply of 
magnesium. An increase in the supply of 
calcium increases the need for boron, cop- 
per, magnesium, manganese, and potas- 
sium; and an inadequate supply of calcium 
interferes with the absorption of nitrates. 
Many other such correlations could be 
listed. The exact concentrations and pro- 
portions of the various minerals necessary 
for optimum growth of any particular spe- 
cles are probably seldom, if ever, attained, 
but there is usually a considerable range 
of variation within which reasonably nor- 
mal growth occurs. 

Species and individuals differ in the 
amount of a particular element necessary 
for best growth, and in the vigor with 
which they absorb it from the soil. An 
amount of available iron which permits 
normal growth of alfalfa (Medicago sati- 
va) will result in chlorosis in garden beans 
(Phaseolus vulgaris), and a supply of po- 
tassium just adequate for an apple orchard 
is not enough for peaches. Different strains 
of maize differ considerably in the concen- 
tration of soil calcium necessary for proper 
growth, and doubtless similar variations 
occur in other species. 

Some elements are more readily re- 
moved from the tissues in which they are 
being used than others. Deficiencies of 
relatively immobile elements such as cal- 
cium, iron, and manganese usually show 
up first in the younger, more rapidly grow- 
ing parts, such as the apical meristems and 
young leaves. The more mobile elements, 
such as potassium and magnesium, tend to 
be carried away to the growing tissues 
when in short supply, and the symptoms 
of the deficiency show up first or most 
prominently in mature leaves. 

Nitrogen is one of the elements often 
in short supply. Plants deficient in nitro- 
gen are umnthrifty, with yellowish-green 
rather than rich green leaves, and the 
plants tend to mature early, while the 
aerial part is still poorly developed. A 
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Fig. 28.6 Effects of mineral deficiences in tobacco: 1, nitrogen; 2, phosphorus; 3, 
potassium; 4, calcium; 5, magnesium; 7, boron; 8, sulfur; 9, manganese; 10, iron. 
Number 6 was supplied with a full nutrient solution. (Photo courtesy of J. E. McMur- 
trey, Agricultural Research Service.) 


common symptom of less severe shortage 
is the firing (development of a reddish- 
brown color, followed by death) of the 
lower leaves, although species differ in this 
regard, and loss of the lower leaves is nor- 
mal for many species. 

Nitrogen is necessary for the synthe- 
sis of proteins, and a shortage, therefore, 
interfercs directly with the formation of 
new protoplasm that is necessary for 
growth. Nitrates are more rapidly con- 
verted into organic compounds than most 
other minerals that enter the root, and, in 
case of shortage, they are mostly used in 
the root, so that the symptoms of shortage 
appear first in the shoot. Plants deficient 
in nitrogen, therefore, tend to have the 
root system excessively developed, as com- 
pared to the shoot. The total growth of 
the root system may still be less than that 
of a normal plant, however, because the 


poorly developed shoot does not produce 
enough carbohydrate to supply the energy 
necessary for best root growth. 

The visible symptoms of sulfur defi- 
ciency are usually rather similar to those 
of nitrogen deficiency, although sulfur de- 
ficiency is much less common. Sulfur, like 
nitrogen, is necessary for protein synthesis 
and other metabolic processes, and when 
the sulfur supply is inadequate amino 
acids tend to accumulate without being 
converted into proteins. The yellowish 
color of the leaves associated with defi- 
ciency of nitrogen or sulfur is usually fairly 
uniform, or more prominent toward the 
tip than the base, unlike the character- 
istic mottled chlorosis resulting from some 
other mineral deficiencies. Stems of sulfur- 
deficient plants, in contrast to those of 
plants deficient in nitrogen, phosphorus, 
or potassium, usually elongate freely. 
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Fig. 28.7 Relative growth of tops and roots of squash and wheat seedlings that grew 
in cultures with insufficient nitrogen, and with adequate nitrogen (N). (Photos courtesy 
of Mary E. Reid, Boyce Thompson Institute for Plant Research.) 


Plants deficient in phosphorus usually 
have deep-green leaves, but they grow 
slowly and maturity is delayed. Flowers 
and fruits develop poorly or not at all. 
The roles of nitrogen and phosphorus in 
metabolism are somewhat antagonistic, so 
that an oversupply of one causes a relative 
deficiency of the other. An excess of nitro- 
gen over phosphorus favors vigorous vege- 
tative growth and delay or suppression of 
flowering and fruiting, whereas an excess 
of phosphorus over nitrogen favors early 
maturity and vigorous flowering and fruit- 
ing. A fertilizer for flower gardens should 
have a higher proportion of phosphorus, 
in relation to nitrogen, than one for lawns. 
Much of the phosphorus of a mature plant 
is concentrated in the seeds and fruits, 
where it accumulates during their develop- 
ment. 

Potassium, another element which 1s 
often in short supply, plays such varied 
roles in metabolism that the symptoms 
differ considerably under varying degrees 
of shortage. A mild shortage tends to inter- 
fere with protein synthesis, without affect- 
ing photosynthesis, so that carbohydrates 
accumulate in the Icaves. The excess of 
carbohydrates causes the development of 


anthocyanins, so that the leaves often turn 
dark reddish. More severe potassium short- 
age also interferes with photosynthesis. 
Calcium and boron play antagonistic 
roles, especially in meristematic and im- 
mature tissues. Ariy shortage of one of 
these elements, or oversupply of the other, 
upsets the delicate balance necessary for 
proper growth, often killing the terminal 
buds and the root tips. Any lateral buds 
which may be stimulated by the death of 
the terminal buds also fail to develop 
properly and eventually die, so that the 
plant often becomes much branched and 
bushy. Less severe imbalance causes con- 
tortions and malformations of the leaves 
without killing the meristems. The exact 
symptoms of boron deficiency (or calcium 
excess) usually differ from those of cal- 
cium deficiency (or boron excess) in any 
given species, but these differences are not 
consistent from one species to another. 
Deficiency of iron, magnesium, or 
manganese usually causes a mottled chlor- 
osis, with green strips along the veins and 
yellowish or whitish interveinal areas. 
When shortage is severe, the chlorotic 
areas often die and disintegrate. ‘The exact 
symptoms differ according to the deficient 
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element and the species. One of the com- 
monest symptoms of zinc deficiency is 
abnormally small leaves. 

Symptoms of severe defieiency of any 
of the necessary elements always include 
some dwarfing. Otherwise, as should be 
clear from the foregoing résumé, they dif- 
fer according to the element and the kind 
of plant. The effects of deficiency of 
a particular element tend to be similar 


Fig. 28.8 Effect of mineral 
deficiencies in petunia. Plant 
at upper left was provided 
with a full nutrient solution, 
including boron, calcium, 
copper, iron, magnesium, 
manganese, nitrogen, phos- 
phorus, potassium, sulfur, 
and zinc. (Photos courtesy 
of the Vigoro Department, 
Swift & Company.) 


in different kinds of plants, but observa- 
tions made on one species cannot safely 
be used to diagnose deficiencies in another 
species. 

The symptoms of deficiencies of a 
number of elements in tomato plants are 
presented in the following key, slightly 
modified from that published by J. T. 
Woolley and T. C. Broyer in 1957, 


eee 


KEY TO SYMPTOMS oF NUTRIENT DEFICIENCY IN TOMATO PLANTS 


1. Symptoms appearing first or most severely on youngest leaves 
2. Interveinal chlorosis present on young leaves 


3. Black spots appear next to the veins; smallest veins remain green; older leaves may 
develop interveinal brown necrotic spots 2-4 mm wide near the main veins 


Manganese 


3. Black spots do not appear; smallest veins do not remain green; necrotic areas, if 
present, not associated with any particular part of the blade Iron 
2. Young leaves do not show interveinal chlorosis, but the central basal part of the young 


leaflets may be chlorotic 
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4. Upper side of young leaflets purplish on both the veins and the interveinal areas, the 
lower side very dark green; leaflets small and curled downward; oldest leaves may 
show slight interveinal chlorosis and necrosis Phosphorus 

4. Upper side of young leaflets not purple, and the lower surface often with central basal 
chlorosis; very young growing tissue shows necrosis, and growth may be distorted; 
interveinal necrosis often appears at base of young leaflets 

5. Plant tissues very brittle, especially under conditions of low stress for water; growth 
accompanying recovery from this deficiency usually twisted, asymmetrical, and 
otherwise distorted Boron 

5. Plant tissues soft and often flaccid even under conditions of low stress for water; 
leaflets developing after onset of the deficiency are narrow and cupped down- 
ward, but there is not usually much twisting either under deficiency conditions 
Or on recovery Calcium 

1. Symptoms about equal over the entire shoot, or most severe on oldest or recently matured 
leaves, neither appearing first nor being most severe on youngest leaves 
6. Interveinal chlorosis present, sometimes only as a mild mottling 

7. Oldest leaves most chlorotic 

8. Chlorosis definitely interveinal, so that at least the main veins remain green; 
plants not usually spindly 

9. Chlorosis the first visible symptom; leaf edges curl upward when deficiency is 

severe 

10. Necrosis appears as sunken necrotic spots which look shiny from the back 

of the leaf, the spots having no particular location with respect to the 

veins; chlorotie leaves often bright yellow or orange Magnesium 

10. Necrosis occurs as gradual drying of interveinal areas followed by drying of 
the remaining tissues; chlorotic leaves seldom brightly colored 

. Molybdenum 

9. Chlorosis not the first visible symptom; leaf edges do not usually curl upward 

11. Tip and marginal necrosis present on older leaves of mildly affected plants, 

appearing as a “scorch”; old or recently matured leaves may show inter- 

veinal chlorosis; leaflets sometimes show small, black, interveinal, 

necrotic dots; neither excessive guttation nor “‘water-soaking” is present 

Potassium 

11. Tip and marginal necrosis absent; only the oldest leavcs of severely dam- 

aged plants show chlorosis; necrosis appears as irregular sunken necrotic 

spots which may be veinal, interveinal, or next to the veins; young 

leaflets sometimes show small, black, interveinal, necrotic spots, exces- 

sive guttation and “water-soaking” of leaf tissues may be observed at 

times of low stress for water Zinc 

8. Chlorosis general, so that the veins do not remain green; plants often spindly 

12. Veins bright red; petioles and petiolules tend to be twisted and/or vertically 


disposed Sulfur 
12. Veins yellow or sometimes pinkish; petiolcs and petiolules not twisted or 
vertically disposed Nitrogen 


7. Oldest leaves not most chlorotic, the chlorosis appearing as interveinal mottling on 
recently matured leaves; small, black, necrotic dots appear on young or recently 
matured leaves 

13. Tip and marginal necrosis present on older leaves of mildly affected plants, ap- 
pearing as a “scorch”; old or recently matured leaves may show interveinal 
chlorosis; leaflets sometimes show small, black, interveinal, necrotic dots 

Potasstum 

13. Neither tip nor marginal necrosis present on older leaves until the entire plant 

is severely affected, although some tip necrosis is often present on the youngest 
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Key To Symptoms oF Nutrient Dericiency In Tomato Prants (Continued) 


leaves; younger leaflets often show small, black, interveinal, necrotic spots, 
especially next to the main veins; necrosis usually confined to interveinal tis- 

sues next to the main veins Manganese 

6. Interveinal chlorosis not present 

14. Leaf margins and tips wilt easily, and the leaves do not show excessive guttation; 
necrotie spots, when present, sharply delimited and sunken; margins of old leaf- 

lets roll stiffly upward; petioles and petiolules often bend abruptly and stiffly 
downward Copper 

14. Leaves show no excessive wilting except in cases of petiole necrosis, and the wilting, 
if present, not confined to the tips and margins of the leaflets; excessive guttation 
occurs under conditions of low stress for water, often aecompanied by the appear- 

ance of water-soaked areas on the backs of the leaves; necrotic spots usually 
irregular; petioles and leaf margins not markcdly turned downward Zinc 
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PHOTOSYNTHESIS 


INTRODUCTION 


The following presentation of the 
mechanism of photosynthesis, although 
appearing in the section of this book deal- 
ing with. angiosperms, is written to cover 
plants as a whole. It has seemed appropri- 
ate to defer this general discussion until 
the completion of our survey of the major 
groups of plants. 

Photosynthesis is the proeess by whieh 
light energy is captured and transformed 
into chemical energy which is used in the 
formation of photosynthate, i.e., complex, 
energy-storing substances, typically hexose 
carbohydrates such as glucose. Some of the 
carbohydrate is used direetly as building 
blocks for more complex substances, but 
most of it is respired, with chemical energy 
being released into the metabolic system 
of the cell. ‘Thus photosynthesis and respi- 
ration collectively form a mechanism for 
transforming light energy into metabolic 
energy. 

Light energy is absorbed by chloro- 
phyll and accessory pigments (carotenoids 
and, when present, phycobilins) which are 
associated with chlorophyll, typically in 
complex cell organelles called chloroplasts. 
The absorbed light energy is passed into 
the photosynthetic system in a complex 
series of reactions following on the transfer 
of excited electrons from chlorophyll to 
certain other substances which thereby be- 
come highly reactive. 

The hydrogen in photosynthate is de- 
rived from water (at least in green-plant 
photosynthesis), and. the carbon is derived 
from carbon dioxide. The oxygen in photo- 
synthate is also derived from carbon diox- 
ide, and the oxygen which is released in 
typical photosynthesis is derived from 
water. In addition to being assimilated in 
the process, hydrogen plays a basic role in 
the transfer of energy which is the essential 
function of photosynthesis. 

The overall process of photosynthesis 
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as carried on by algae and higher plants 
(i.e. green-plant photosynthesis, as the 
term is here used) is usually visualized in 
the following equation: 


6 CO, + 6 HO 


visible light 


CeHi20¢ a 6 Ov. 


Many botanists find it helpful to use a 
slightly more complex equation which 
shows that water is formed as well as being 
used in photosynthesis. If the ideas pre- 
sented in the following pages are substan- 
tially correct, the appropriate modification 
of the equation is as follows: 


6 CO, + 24 H,O 
CHO 2216 Opener ©! 


In photosynthetic bacteria, as con- 
trasted to other photosynthetic organisms, 
the overall process can be represented as 
follows: 


6 CO, + 6 HA iI eed hee 
CoH 20, + 6 A. 


In this latter equation, HA is an arbitrary 
symbol for a suitable hydrogen donor, such 
as HeS or He, or various organic com- 
pounds which can provide hydrogen for 
the process. It is possible that water is also 
both used and formed in this process, but 
that now seems unlikely. We should 
emphasize at this point that only a few 
kinds of bacteria, living in certain special- 
ized habitats, are photosynthetic. The vast 
majority of bacteria are heterotrophic. 

The foregoing equations are useful in 
providing a generalized concept of photo- 
synthesis, in terms of raw materials, energy 
input, and end products, but they are 
vastly oversimplified and misleading if 
taken literally. A long and complex series 
of reactions is required to turn the raw 
materials, on the left side of the equation, 
into the end products, on the right side. 

Most of the discussion here is centered 
on photosynthesis in algae and higher 
plants, referred to for convenience as green- 


visible light 
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plant photosynthesis, in which molecular 
oxygen is released as a by-product. This 
process is far more common than bacterial 
photosynthesis and is of much greater sig- 
nificance to living organisms in general. 
The bacterial process, on the other hand, 
is important in helping us to understand 
the evolutionary origin and development of 
photosynthesis. 

Green-plant photosynthesis is now 
conceived to consist of two concurrent sys- 
tems: System I, which has been inherited 
with relatively minor change from bacterial 
ancestors; and System II, which has been 
superimposed on System I. System I, 
which is necessary for the production of 
free oxygen in photosynthesis, does not oc- 
cur in the bacteria. 

The chemistry of photosynthesis has 
received a great deal of study during the 
past several decades, and progress in our 
understanding has been particularly rapid 
since about 1950. The availability of radio- 
active isotopes for experimental studies has 
been instrumental in this progress. Much 
remains to be learned, and much of what 
we now know has yet to be fitted into a 
coherent and generally acceptable scheme. 
In particular, the linkage of Systcm II to 
System I, the precise pathways of electron 
transport, and the series of steps leading to 
the evolution of free oxygen are still con- 
troversial and poorly understood. Continu- 
ing study will undoubtedly lead to some 
changes in our concepts about photo- 
synthesis. 

It has long been known that photo- 
synthesis is the eventual source of meta- 
bolic energy for all organisms, both plant 
and animal, with the minor exception of a 
small amount of food produced by certain 
chemosynthetic bacteria. Green plants 
make their own food. Animals eat 
plants, or eat other animals that have 
eaten plants. The food chain begins with 
photosynthesis in plants. 

Relatively recently it has come to be 
recognized that photosynthesis 1s also the 
principal source of atmospheric oxygen. 


Prior to the origin of oxygen-releasing 
photosynthesis in primitive algae some two 
or three billion years ago, the earth’s at- 
mosphere apparently had little or no free 
oxygen. It was only after a considerable 
supply of oxygen had been released into 
the atmosphere, through an excess of 
photosynthesis over respiration, that the 
way was opened for the evolutionary origin 
and diversification of complex, multicel- 
lular organisms that use free oxygen in 
respiration. 

Over a period of more than 200,000,000 
years, until about two centuries ago, the 
earth had a relatively balanced atmospheric 
system, with about as much oxygen being 
formed in photosynthesis as was used in 
respiration, and with about as much CO, 
being used in photosynthesis as was formed 
in respiration. Any imbalance was on the 
side of increasing the Oz content and de- 
creasing the CO, content of the air, by the 
preservation of unrespired plant remains in 
the form of coal and oil. The industrial 
revolution, beginning about two centuries_ 
ago, has progressively and now drastically 
shifted the balance, releasing much more 
CO, into the air (through the burning of 
coal and oil) than is used by green plants. 
No change in the amount of oxygen, which 
constitutes some 2] percent of the atmos- 
phere, can yet be detccted, but the amount 
of carbon dioxide has already increased 
from about 290 parts per million (0.029 
percent) in the nineteenth century to 
about 320 p.p.m. in 1970, and the amount 
continues to increase by about | p.p.m. 
each year. The possible consequences of 
these changes are explored in Chapter 39. 


CHLOROPHYLL 


Chlorophyll is a general term for 
several closely related kinds of green pig- 
ments which have in common the capacity 
to absorb light energy and pass it along to 
other molecules as excitement energy of 
electrons. As noted in Chapter 3, chloro- 
phylls are metallo-porphyrins with an atom 
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of magnesium at the center of the por- 
phyrin ring. 

Chlorophylls are green because they 
absorb light chiefly toward the two ends of 
the visible spectrum, transmitting or re- 
flecting most of the light of intermediate 
wavelengths. They absorb most of the red 
and blue light, and transmit or reflect most 
of the blue-green, green, and yellow light 
to which they are exposed. The several 
kinds of chlorophylls found in plants other 
than bacteria differ only slightly in their 
absorption spectra. Most of the bacterial 
chlorophylls, on the other hand, differ 
markedly from the nonbacterial chloro- 
phylls in that the absorption peak near the 
red end of the spectrum is shifted into the 
infrared. The absorption spectra of chloro- 
phylls a, b, and bacteriochlorophyll are 
shown in figure 29.1. 

Among the photosynthetie bacteria, 
bacteriochlorophyll apparently plays a role 
comparable to that of chlorophyll a in 
green plants. Various accessory chloro- 
phylls may or may not be present, accord- 
ing to the species, but only chlorophyll a 
and bacteriochlorophyll can effectively pass 
the absorbed light energy to compounds 
which are not directly photoreceptive. 
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The structural formula of chlorophyll 
a is given in Chapter 3. It should be recog- 
nized, however, that extracted chlorophyll 
bears about as much relationship to chloro- 
phyll in the chloroplast as a detached 
carburetor does to a complete automobile 
motor. Functioning chlorophyll always oc- 
curs in loose conjugation with a protein. 
Efforts to determine the nature of this 
conjugated protein are still at an early 
stage. It is quite possible that different 
molecules of chlorophyll a in a single 
chloroplast are attached to slightly differ- 
cnt sorts of proteins, and very probable 
that there is some difference in chloro- 
phyll-bound proteins in different kinds of 
plants. It appears that at least some of the 
chlorophyll-bound protein in spinach has 
a molecular weight of about 11,000, with 
six molecules of chlorophyll bound to each 
molecule of protein. The functional role 
of chlorophyll-bound protein is still largely 
unknown. 

Most green plants have an accessory 
chlorophyll in addition to chlorophyll a. 
In the green algae and higher plants this 
accessory chlorophyll is always chlorophyll 
b. In the diatoms, pyrrophytes, crypto- 
monads, and brown algae the accessory 


Fig. 29.1 Absorption spec- 
tra of chlorophylls a, b, and 
bacteriochlorophyll. The ver- 
tical axis of the chart repre- 


ere i i sents a complex measure- 


i K ment of light absorption, 
the mathematics of which 
do not concern us here. 
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chlorophyll is chlorophyll c, and in the 
red algae it is chlorophyll d. One or more 
other kinds of accessory chlorophylls may 
or may not be present in some other kinds 
of algae; the evidence is still inconclusive. 
The blue-green algae, some of the red 
algae, and most or all of the yellow-green 
algae and golden algae have only chloro- 
phyll a, without any accessory chlorophylls. 

The chemical differences among thesc 
several kinds of chlorophyll are relatively 
small. Chlorophyll b, for example, differs 
from chlorophyll a only in the substitution 
of a CHO group for a CH; group at onc 
point on the periphery of the porphyrin 
ring. It may well be that the different kinds 
of chlorophyll are attached to slightly dif- 
ferent kinds of protein, but such differ- 
ences remain to be elucidated. 

Even chlorophyll a itself occurs in 
several different forms with different prop- 
erties and functions. It is still uncertain to 
what extent these differences reflect differ- 
ent states of aggregation, different sorts of 
attached proteins, or other factors as yet 
unspecified. Present evidence leads re- 
searchers in photosynthesis to emphasize 
especially two in vivo forms of chlorophyll 
a, one with an absorption peak near 673 
millimicrons on the spectrum, the other 
with a peak near 683. These are referred to 
simply as chlorophyll a 670 and chloro- 
phyll a 680. It is thought that chlorophyll 
a 680 acts primarily in System I, and 
chlorophyll a 670 primarily in System II. 

The ratio of chlorophyll a to b in 
plants that have both of these pigments 
varies considerably according to the species 
and according to the environmental condi- 
tions. Figures from about 2:1 to 5.5:1 are 
common among higher plants, with the 
lower ratios coming mostly from species 
adapted to. shade conditions, and the 
higher ones from alpine species or other 
spccies adapted to bright sunlight. Many 
of the green algae have lower ratios, in the 
range of 1.3:1 or 1.4:1, but Chlorella, a 
grcen alga much used in photosynthetic 
studies, varies from about 3:1 to about 5:1, 


according to the light intensity. There 1s 
some evidence, as yet inconclusive, that 
chlorophyll b is associated mainly or 
wholly with chlorophyll a 670 and thus 
functions in System IT. 

It appears that plants which contain 
only chlorophyll a, without any other 
chlorophyll, are not highly efficient photo- 
synthetically. Students of photosynthesis 
therefore believe that chlorophyll b and 
other accessory chlorophylls somehow in- 
crease the efficiency of chlorophyll a. The 
mechanism for this seeming increase in 
efficiency is as yet uncertain. Conceivably 
the transfer of excitement energy from 
carotenoids to chlorophyll in System II 
proceeds more effectively when chlorophyll 
b (or c or d) acts as a bridge than when 
the electrons must be transferred more di- 
rectly to chlorophyll a. 


ACCESSORY PIGMENTS 


Pigments which absorb light energy 
and transmit it. to chlorophyll in the 
photosynthetic process are called accessory 
pigments. Chlorophylls b, c, and d might 
also be considered to be accessory pig- 
ments, since they must transfer their 
absorbed light energy to chlorophyll a if it 
is to be used. Customarily, however, 
chlorophylls are excluded from the concept 
of photosynthetic accessory pigments. 

Chlorophyll is always accompanied by 
one or more accessory pigments which 
absorb light in the part of the spectrum 
where chlorophyll does not absorb well. 
The most important of these accessory pig- 
ments are the carotenoids. Some of the 
algae also have another class of accessory 
pigments, the phycobilins. 

One or more (usually more) carot- 
enoid pigments (i.e., carotenes and xantho- 
phylls) always occur in association with 
chlorophyll. The general nature of ca- 
rotenoid pigments and the structure of 8- 
carotene are indicated in Chapter 3. £- 
carotene is the principal carotene associ- 
ated with chlorophyll in all photosynthetic 
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organisms except the bacteria and some of 
the algae. It is still present even in those 
algae in which it is not the principal caro- 
tene, but it is unknown in the bacteria. 
Lutein, zeaxanthin (both with the empir- 
ical formula CyoHsgO2) and violaxanthin 
(Cyotl5s0,) are among the commonest 
xanthophylls; lutein is regularly present in 
higher plants and in the green algae, as 
well as in some other algae. Many of the 
algae contain special xanthophylls (per- 
haps associated chiefly with System H) 
which are not known in other groups. 

The common yellow carotenoids ab- 
sorb light mainly between about 400 and 
500 millimicrons wavelength (Fig. 2.5), in 
the violet, blue, and blue-green range of 
the spectrum. Experimental determinations 
of the details of absorption spectra of ex- 
tracted carotenoids vary somewhat accord- 
ing to the technique used, especially ac- 
cording to the solvent. Similar difficulties 
beset studies of absorption spectra of chlor- 
ophylls and phycobilins. 

The metabolic roles of the carotenoids 
are still under active consideration, and 
investigators using different methods have 
sometimes come to different conclusions. 
It would seem that they rather consistently 
have at least two major functions relating 
to photosynthesis; to transfer absorbed 
light energy to chlorophyll, and to prevent 
the photo-oxidation (oxidative destruction 
by light) of chlorophyll. The common 
yellow carotenoids, such as {-carotene, 
have been shown to have an efficiency in 
the range of 20-40 percent in transmitting 
light energy to chlorophyll, with the 
xanthophylls being perhaps more efficient 
than the carotenes. Fucoxanthin, a brown- 
ish xanthophyll found in certain algae 
(brown algac, golden algae, and diatoms) 
is much more efficient, in the range of 90- 
100 percent. The uniform presence of £8- 
carotene in nonbacterial photosynthetic 
systems, as contrasted to the less regular 
distribution of the other carotenoids, sug- 
gests that @-carotene may have some 
special essential function of its own. The 


nature of this other function, if any, 1s 
still wholly speculative. 

Another class of accessory pigments, 
called phycobilins, occurs in addition to 
the carotenoids in red algae, blue-green 
algae, cryptomonads, and in a few other 
algae. Phycobilins, like carotenoids, absorb 
light energy and transmit some of it to 
chlorophyll. It has been reported that 
under some conditions this efficiency may 
approach 100 percent. Phycobilins are dis- 
cussed in Chapters 9 and 15. 


CYTOCHROME 


Cytochromes are metallo-porphyrins 
with an atom of iron at the center. The 
fact that iron can change from a divalent 
(ferrous) to a trivalent (ferric) state and 
back again appears to be of prime impor- 
tance in the transfer of energy with which 
cytochrome is characteristically associated. 
Cytochromes occur in all living organisms, 
with the possible exception of some few of 
the simpler bacteria. 

Most cytochromes mediate the trans- 
fer of energy into the reaction of adenosine 
diphosphate (ADP) with phosphate ion, 
converting the ADP into ATP (adenosine 
triphosphate). ATP, in turn, readily reverts 
to ADP, giving up its third phosphate 
group and liberating chemical energy into 
the economy of the cell. Some kinds of 
cytochromes mediate this sort of energy 
transfer as part of the process of respira- 
tion, others as part of the process of photo- 
synthesis. 

Cytochrome, like chlorophyll, is a 
group name for a series of closely related 
compounds, not all of which are found in 
any one kind of organism. The classifica- 
tion and nomenclature of cytochromes are 
still in a state of flux. On the basis of their 
relative activity in oxidation-reduction reac- 
tions, and on slight differences in their 
absorption spectra, they are usually classi- 
fied into three general groups, called the 
a-type, b-type, and c-type. Each of these 
types can be further subdivided. Cyto- 
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chromes of type a are always (so far as 
known) respiratory in the striet sense, re- 
quiring the use of free oxygen. Some b-type 
cytochromes are photosynthetic, and others 
are respiratory (at least in the broad 
sense); the same is true of c-type cyto- 
chromes. Any given molecular species of 
cytochrome has only one of thcse func- 
tions, however, being either respiratory or 
photosynthetic, but not both. The b-type 
photosynthetic cytochrome in algae and 
higher plants is called cytochrome bs. The 
c-type photosynthetic cytochrome in algae 
and higher plants is also called cyto- 
chrome f. 

Like chlorophyll, cytochrome oecurs 
in loose conjugation with a protein. The 
complete protein structure of respiratory 
cytochrome c has recently been worked out 
for a number of kinds of plants and ani- 
mals, and small differences in the structure 
are beginning to be used as an aid in de- 
ciphering phylogenetic relationships among 
major groups. 


CHLOROPLASTS 


The chloroplasts of vascular plants are 
highly organized. Generally each chloro- 
plast consists of a number of microscopic- 
ally barely recognizable units, called grana, 
embedded in a relatively less differentiated 
mass called the stroma, the whole enclosed 
by a double membrane about 300 A thick. 
The chloroplasts are commonly ellipsoid or 
lens-shaped, and mostly 4-6 microns along 
the longest axis, sometimes as much as 10 
mierons. The number of grana per chloro- 
plast varies from as few as 10 to as many 
as several hundred, but is most commonly 
from 40 to 60. 

Each granum consists of a series of 
plates, callcd lamellae (or, more specific- 
ally, thylakoids), stacked on top of each 
other like a stack of coins. The lamellae are 
mostly 0.3-0.6 micron across, correspond- 
ing to the diameter of the granum, but 
some of them extend through the stroma 
and connect the grana to each other (Fig. 


29.2), The lamellae can readily be recog- 
nized in electron micrographs, but they are 
much too thin to be distinguished even 
with the best light microscopes. The num- 
ber of lamellae in a granum ranges from as 
low as two to as high as a hundred, but is 
most commonly about a dozen or two. 

An individual lamella (thylakoid) 
may be roughly compared in gross physical 
organization to a bread-and-butter-and-jam 
sandwich. The outer layer on each side (in 
the position of the bread) is an aqueous 
medium containing protein and certain 
other dissolved substances. Another kind of 
proteinaceous layer, with lipid-binding 
qualities, lies next inside each of the two 
outer layers, occupying the position of the 
butter in the sandwich. In the center is a 
layer of lipid, occupying the position of the 
jam. To carry the analogy a bit further, if 
a series of sandwiches were stacked on top 
of each other, we would have an organiza- 
tion something like that of a single granum 
in a chloroplast. 

The chloroplast also contains a partial 
genetic system, with fine strands of DNA 
permeating the stroma. These are most 
easily demonstrated in thc proplastid stage, 
but presumably they persist throughout the 
life of the chloroplast. Ribosomes are also 
scattered through the stroma, and it is pre- 
sumed that thesc are manufaetured within 
the chloroplast by the chloroplast DNA. It 
is interesting that in some structural details 
the ribosomes of chloroplasts are more like 
bacterial ribosomes than like the ribosomes 
of the hyaloplasm and endoplasmic retic- 
ulum. The chloroplasts are not wholly in- 
dependent genetically, however, because 
their structure and activity are influenced 
by both nuclear and chloroplast genes. 
Mitochondria have a similarly mixed gen- 
etic system. 

The recent demonstration that chloro- 
plasts have their own partial genetic sys- 
tem, combined with the knowledge that 
they reproduce by division (see Chapter 
3), has led some botanists to speculate that 
they originated as endosymbionts, 1.€., 
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Fig. 29.2 Portions of two chloroplasts from cotyledon of tomato, with a mitochondrion 
in the angle between them. Several grana, and thylakoids connecting adjacent grana, 
can be seen. (X about 50,000.) (Electron micrograph courtesy of Thomas E. Jensen.) 


single-celled algae which were captured by 
protozoa and took up residence inside the 
protozoan cell. There are, however, formi- 
dable difficulties to this hypothesis, as 
noted in Chapter 38. 

Algal chloroplasts are somewhat less 
highly organized than chloroplasts of vas- 
cular plants. They have thylakoids which 
may be organized into small stacks, but 
they have no evident grana. Some students 
prefer to say that thc whole algal chloro- 
plast consists of a single granum. In some 
of the more primitive green algae, such as 
Chlamydomonas, the chloroplast occupies 


more than half the volume of the cell and 
probably contains a considerable propor- 
tion of nonphotosynthetic substance. In 
the blue-green algae, which are prokaryotic, 
the thylakoids are scattered throughout the 
outer region of the protoplast. In spite of 
these differences, the individual thylakoids 
in the various groups of algae appear to be 
very similar in structure and composition 
to those of higher plants, with the reserva- 
tion that there are some differences among 
the secondary chlorophylls and accessory 
pigments. 

Chloroplasts of many algae contain a 
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special, proteinaceous, starch-accumulating 
center, called a pyrenoid. With the notable 
exception of the horned liverworts ( Antho- 
cerotopsida), these are completely lacking 
from the chloroplasts of higher plants. 
Under conditions of rapid photosynthesis 
starch does accumulate in chloroplasts of 
higher plants, but it is not associated with 
anything resembling a pyrenoid, and it is 
usually transferred out of the chloroplast 
as soon as conditions permit. It has been 
suggested that the pyrenoid is the first evo- 
lutionary answer to the problem of remov- 
ing soluble photosynthate (such as glu- 
cose) from the photosynthetic reaetion sys- 
tem. With increasing evolutionary special- 
ization in the structure of the chloroplast, 
associated with increasing efficiency in 
photosynthesis, the pyrenoid itself becomes 
an anachronism that must be disposed of, 
as out of place as large-footed peasant 
women in a modern winery. 


QuANTASOMES 


Considerable attention has been de- 
voted to the question of the size of the 
ultimate photosynthetic unit in the chloro- 
plast. Just how many molecules, of what 
kinds, must be associated in what sort of 
organization to permit the transfer of ab- 
sorbed light energy from chlorophyll to the 
next compound in the reaction system? 

The answer appcars to be that the ul- 
timate photosynthetic unit is a segment of 
a lamella, containing some 200 to 300 
molecules of chlorophyll, and a usually 
much smaller number of molecules of ac- 
cessory pigments. Apparently only a single 
one of these 200-300 molecules of chloro- 
phyll can actually pass absorbed light 
energy on to the next agent in the reaction. 
The remainder of the chlorophyll, called 
bulk chlorophyll, absorbs light energy both 
directly and from the accessory pigments, 
but it must pass that energy through the 
single “active” molecule in order to have 
any photosynthetic effect. The “active” 
molecule of chlorophyll is apparently al- 


ways (in green plants) a special form of 
chlorophyll a. ‘The bulk chlorophyll con- 
sists of the remainder of the chlorophyll a, 
plus any secondary chlorophylls that are 
present. The bulk chlorophyll and acces- 
sory pigments have been compared to an 
energy-gathering antenna for the active 
chlorophyll. The active chlorophyll can 
absorb light energy directly, but it gets 
most of its supply from the other mol- 
ecules instead. 

The ultimate photosynthetic unit, 
containing probably some 200-300 mole- 
cules of chlorophyll plus all the associated 
light-gathering apparatus, is called a quan- 
tasome. An individual thylakoid (lamella) 
of a chloroplast is made up of many such 
quantasomes, presumably organized into a 
single layer. Recent experiments indicate 
that there are separate quantasomes, of 
similar size, for Systems Í and II. 

The single active molecule of chloro- 
phyll a in a system I quantasome has an 
in vivo absorption peak near 700 milli- 
microns and is cammonly called chloro- 
phyll a 700, or P 700, the P for pigment. 
The comparable active molecule of chloro- 
phyll a in a System II quantasome has an 
in vivo absorption peak near 690 mill- 
microns, and may be called chlorophyll a 
690. In a later paragraph we shall see that 
the relatively long wavelength of the ab- 
sorption peak of the single active molecule 
of chlorophyll a in a quantasome, in com- 
parison with other chlorophylls, correlates 
with its function as the receptor of light 
energy gathered by the antenna (bulk 
chlorophyll and accessory pigments ). 

In electron micrographs of disrupted 
thyalkoids, the quantasome (or what has 
by some students been thought to be the 
quantasome) appears as an oblate spheroid 
about 100 by 200 A. Thesc electron micro- 
graph figures are in the right size range to 
provide for the proper number of chloro- 
phyll molecules. 

The photosynthetic bacteria, being 
prokaryotic, do not have organized chloro- 
plasts, but they do have observed quanta- 
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somes in the same general size range as 
those of higher plants. According to the 
kind of bacteria, these quantasomes may be 
scattered singly through the protoplast, or 
they may be aggregated in groups of two or 
more. In some, such as species of Rhodo- 
spirillum, an aggregate of these quanta- 
somes has the form of a small lamella. 


THe PHOTOSYNTHETIC PROCESS 


Any attempt at the present time to 
present a coherent picture of the photo- 
synthetic process at the molecular and sub- 
moleeular level must consist of a mixture 
of established fact, probability, informed 
speculation, and guesswork. There is no 
comprehensive theory that provides for all 
the known facts and explains thc complete 
series of chemical reactions and electron 
transport. 

It is customary and convenicnt to 
think about photosynthesis in terms of 
the “light reactions” and “dark reactions.” 
The light reactions are the early stcps in 
the process, which are so closely tied to the 
absorption of light that they stop immedi- 
ately when the light is shut off. Some of 
the more important products of the light 
reactions, notably ATP and activated hy- 
drogen, are used in the dark reactions to 
take up carbon dioxide and produce com- 
plex new substances, typically glucose. ‘The 
dark reactions do not require darkness, but 
because they are several steps removed 
from the light-gathering process they can 
continue for some time after the light has 
been shut off. 


Tue Ligur REACTIONS 


It seems clear that the splitting of 
water into highly reactive H and OH 
units is a fundamental early step in green 
plant photosynthesis, and that this split- 
ting of water is mediated by the transfer 
from chlorophyll of excitation energy de- 
rived eventually from light. It is further- 


more clear that the H units split off from 
water provide the hydrogen in photosyn- 
thate, and that the OH units split off from 
water provide the oxygen that is released. 
Some of the molecules which receive and 
pass on excited electrons in the photosyn- 
thetic process are ferredoxin, a recently dis- 
covercd ferredoxin-reducing substanee now 
known as frs, flavoprotein, plastocyanin, cy- 
tochrome be, cytochrome f, and possibly 
plastoquinone. Possible roles for all of 
these substances are suggested in the fol- 
lowing paragraphs. 

The electrons in chlorophyll and its 
associated pigments are conceived to be in 
a state of continuous motion, as indeed are 
all electrons in all substances. A rough 
comparison might be made between such 
electrons and a set of tireless horses 
racing endlessly around a track, each horse 
following its leader and being trailed 
by another. When a photon (one 
quantum of light) hits one of these elec- 
trons in chlorophyll or an accessory pig- 
ment, the electron absorbs energy and is 
said to be excited. In this excited state it 
jumps the track and assumes an orbit with 
a largcr radius. It is convenient to refer to 
the whole molecule which bears such an 
excited electron as being excited. Excited 
molecules in general may give up their ex- 
eitation energy in any of several ways. The 
two ways which primarily concern us in the 
study of photosynthesis are (1) the trans- 
fer of the excitation energy from an elec- 
tron of one molecule to an electron of an 
adjacent molecule, and (2) the migration 
of the excited electron itself from one 
molecule to another. We shall see that 
both of these processes take place, at differ- 
ent stages, in the photosynthetic pathway. 

The energy per quantum of light varics 
according to the wavelength; the longer 
the wavelength, the less energy per quan- 
tum. In general a package of excitation 
energy (called an exciton) can be trans- 
ferred from one molecule to another (with- 
out actual flow of electrons) only if the 
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Double lines to arrowheads show energy flow. Zigzag lines 
indicate reactions not shown in detail. 
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Fig. 29.3 Diagram showing some features of photosynthesis, partly speculative. 
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absorption peak of the acceptor pigment 
molecule is at the same or greater wave- 
length as that of the donor molecule; i.e., 
the exciton can only be transferred to a 
molecule which requires the same or a 
lesser amount of energy to become excited. 
Similar principles, relating to oxidation- 
reduction potentials, govern the transfer of 
the excited electrons themselves. There is 
a sort of molecular peck-order which deter- 
mines the dircction of electron flow. 
Some excitation energy is lost each time 
an excited electron is transferred from one 
kind of temporary host molecule to an- 
other. Under proper conditions some of 
this energy lost in transfer can be used to 
facilitate some other chemical reaction 
which requires an input of energy; other- 
wise it is generally dissipated as heat. 
Sooner or later the excited electron loses 
all of its excitation energy and returns to 
the normal or “ground” level of energy. 

One way that these facts, and some 
others, can be fitted into a reasonably co- 
herent picture is shown in Figure 29.3, 
which is explained in the following para- 
graphs. The student should understand 
that this figure is partly speculative, and 
that through the use of zigzag arrows it 
passes over certain series of processes which 
are not yet well understood or which it is 
not convenient to present here. Further- 
more, this figure does not conform in all 
respects to the now popular series formula- 
tion for electron transport from System I] 
to System I. Nevertheless, the diagram 
provides a convenient focus for an attempt 
to present a coherent picture of some of 
the things now known or believed about 
photosynthesis. 

Typical photosynthesis, leading to the 
production of carbohydrate, requires that 
light energy be transformed into two dif- 
ferent forms of chemical energy before the 
carbohydrate is produced. One form is the 
energy stored in ATP; the other is the 
energy of the reducing power of excited 
hydrogen atoms. In the photosynthetic 
bacteria, System I (as now conceived) 


must carry on both of these functions, but 
there is now some reason to suppose that 
in at least some of them there are in fact 
two parallel systems, one concerned with 
the production of ATP, and the other with 
providing energized hydrogen (i.e., hydro- 
gen bearing an excited electron). This 
second system, which might be the evolu- 
tionary precursor of the System II in algae 
and higher plants, differs from System II 
most notably in not using water as a source 
of hydrogen and therefore in not releasing 
oxygen. In green plant photosynthesis the 
excited hydrogen is provided by System II. 
For purposes of discussion it is convenient 
to begin with System I instead of System 
IL 

In System I of photosynthesis, ex- 
citons are transferred, without actual elec- 
tron flow, from the antcnna to the exposed 
molecule of chlorophyll a 700 at the “reac- 
tion center’. Any individual exciton 
(package of excitement energy) may have 
been received (as a quantum of light) by 
an electron on a molecule of bulk chloro- 
phyll, or by an electron on one of the 
aecessory pigments, but the important 
thing from our standpoint just now is that 
it reaches the exposed molecule of chloro- 
phyll a 700. According to the standard 
thermodynamic principles previously noted, 
the exciton migrates to pigments with ab- 
sorption peaks at progressively longer wave- 
lengths. Chlorophyll a 700, having the 
longest wavelength of all the light-gather- 
ing pigments in the quantasome, acts as an 
energy trap, or sink, for excitons. An elec- 
tron on the exposed molecule of chloro- 
phyll a 700 at the reaction center may also 
be excited directly, by receiving a photon 
(or so we believe), but because of the 
much greater number of molecules of bulk 
chlorophyll and accessory pigments these 
molecules must receive most of the light 
energy. They form, as we have noted, the 
light-gathering “antenna” for the single 
molecule of chlorophyll a 700 at the reac- 
tion center. 

Once the excitement energy has 
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reached chlorophyll a 700, the method of 
its transfer changes. Chlorophyll a 700 
emits a stream of excited electrons, rather 
than passing on the excitement energy 
without electron transfer. The excited elec- 
trons are passed on from chlorophyll a 700 
to some other kind of molecule which 
cannot absorb light energy directly. The 
identity of this first acceptor molecule is 
uncertain. There is some reason to suppose 
that it might be a recently discovered 
ferredoxin-reducing substance now known 
merely as frs. 

The excited electron received from 
chlorophyll a 700 is passed on from one 
kind of molecule to another, in a mo- 
lecular peck-order determined in part by 
what is called redox potential (relative 
ability to reduce another substance by pass- 
ing an electron on to it). Some of these 
intermediate electron-acceptors, in addition 
to frs, appear to be ferredoxin (a non-heme 
iron-protein ), at least two cytochromes, a 
quinone, and possibly plastocyanin (a 
copper-containing protein). Quinones are 
fairly small molecules consisting of one or 
more benzene rings which collectively have 
two atoms of attached oxygen, often also 
with hydrocarbon side-chains. For the 
chemically inclined student they may be 
defined as diketones in which the carbon 
atoms of the carbonyl group are part of the 
ring structure. Different sorts of quinones 
are involved in bacterial and green-plant 
photosynthesis. The quinone of green-plant 
photosynthesis is plastoquinone; that of 
bacterial photosynthesis is ubiquinone. 

Both cytochrome bę and cytochrome 
f are present in the chloroplast and appear 
to take part in photosynthetic electron 
transport. Plastocyanin, a copper-contain- 
ing protein, also appears to be a member 
of a photosynthetic electron transport 
chain in green plants, but it is not known 
in the baeteria. Possibly the sequence 
among thesc several substances is from frs 
to ferredoxin to flavoprotein to cytochrome 
bg to quinone to cytochrome f to plasto- 
cyanin and back to chlorophyll a 700. As 
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the excited electron progressively loses ex- 
citation energy on its route through the 
cytochrome system, some of this excitation 
energy is passed into another chemical re- 
action. Typically this other chemical re- 
action is the formation of ATP from ADP 
and phosphate ion. Possibly there are three 
ATP-forming steps, as in typical respiration 
(see Chapter 30). 

ATP, in turn, is a standard converter 
of energy in living cells. It functions in 
respiratory transfer of energy as well as in 
photosynthetic transfer of energy. The 
third phosphate group (which makes it 
ATP instead of ADP) is loosely joined to 
the rest of the molecule by a chemical 
bond that holds a considerable amount of 
energy (a high energy bond, in the trade 
jargon). As noted in Chapter 2, energy 
must be provided to link this third phos- 
phate group onto ADP (forming ATP), 
and encrgy is released when the third phos- 
phate group is released. Often the third 
phosphate group is transferred to some 
other molecule, carrying some of its extra 
energy with it, while the rest of that energy 
is dissipated and lost. 

The formation of ATP by photo- 
synthesis is known as photophosphoryla- 
tion. Being several steps removed from the 
actual trapping of light by chlorophyll and 
carotenoids, photophosphorylation can 
continue briefly in the dark after the light 
supply is shut off. Thus it might techni- 
cally be considered a dark reaction, but for 
purposes of discussion and understanding 
it is more conveniently treated with the 
light reactions. 

The ATP formed by photophosphory- 
lation can at least theoretically be used in 
any of several ways. The individual ATP 
molecule is not branded and herded irre- 
vocably to a particular corral. Because of 
their simple spatial position, however, most 
of the ATP molecules formed by photo- 
phosphorylation generally channel their 
energy into subsequent photosynthetic re- 
actions, these necessarily being “dark reac- 
tions.” The most important set of these 
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dark reactions is the set, known as the 
Calvin cycle, which leads to the formation 
of carbohydrate. 

Postponing a consideration of the 
dark reactions, we turn now to a consider- 
ation of System II. Knowledge of the exis- 
tence of two cooperating systems in green- 
plant photosynthesis stems from a series 
of experiments first reported in 1956 by the 
American plant physiologist Robert Emer- 
son (1903-1959, Fig. 29.4). He found that 
exposure of chloroplasts to light of two dif- 
ferent wavelengths in the proper parts of 
the spectrum yields more photosynthate 
than the same total amount of light at 
either one of these wavelengths. Specifi- 
cally, he found that providing light in both 
the red (650-685 millimicrons) and far red 
(above 685 millimicrons) portions of the 
spectrum gives a higher yield than provid- 
ing either one of these wavelengths alone. 
The sum of x plus x, provided in two dif- 
ferent wavelengths, was greater than the 





Fig. 29.4 Left, Robert Emerson (1903-1959), whose work led to the discovery of System 





sum of x plus x, all in the same wavelength. 
This enhanccment effect, as it was called, 
led to the thought that two different kinds 
of chlorophyll, with somewhat different ab- 
sorption peaks, cooperate in photosyn- 
thesis. Further experimentation and 
thought by Emerson and others led to the 
present concept of Systems I and II. 

System II photosynthesis appears to 
depend on chlorophyll a 670, rather than 
on the chlorophyll a 680 whieh operates in 
System I. The single active molecule of 
chlorophyll a in a System IT quantasome is 
a long wavelenth type functionally com- 
parable to the one in System I, but with 
an absorption peak near 690 instead of 700. 
As noted earlier, chlorophyll b, and the 
algal pigments chlorophyll c, chlorophyll 
d, and the various sorts of phycobilins 
appear to act in System II rather than Sys- 
tem I. 

There has been some controversy re- 
garding the role of the splitting of water 
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and the formation of oxygen in photosyn- 
thesis. One idea, proposed before the exist- 
ence of System II was suspected, was that 
water is split in bacterial photosynthesis as 
well as in green-plant photosynthesis, but 
that bacteria cannot directly dispose of the 
OH units formed in the splitting of water. 
An accessory hydrogen donor, such as HS, 
would therefore be required by bacteria to 
turn the OH units back into water. It now 
seems more likely that water is not split in 
bactenal photosynthesis, and that the split- 
ting of water is the primary cssential func- 
tion of System II. In both bacterial and 
green-plant photosynthesis hydrogen is pro- 
vided to an initial hydrogen acceptor in 
System I, but in bacterial photosynthesis 
that hydrogen is obtained from various 
compounds which give up hydrogen easily 
(or from molecular hydrogen itself), 
whereas in green-plant photosynthesis that 
hydrogen is provided by the splitting of 
water, which requires the input of energy 
from System IT. 

In any case, water is split into H and 
OH units in green-plant photosynthesis. 
The H units are passed into the reaction 
chain of System I, and the OH units are 
converted by the further action of System 
IT into oxygen and water. 

The H and OH units formed in the 
splitting of water are highly reactive, and 
they react immediately with other sub- 
stances present in the chloroplast. These 
other substances, still not positively identi- 
fied, are often rcferred to for convenience 
in the literature on photosynthesis as X 
and Y. Thus H reacts with X to form XH, 
and OH reacts with Y to form YOH. 

Students of photosynthesis often find 
it convenient to consider the excited elec- 
trons of these H units separately, ignoring 
(until it becomes useful to consider them) 
the hydrogen nuclei with which they are 
associated. ‘The series formulation for 
transport of excited electrons derived from 
water by the action of System II would 
deliver these electrons more or less directly 


to plastoquinone, and thence through a 
part or all of the cytochrome system of the 
chloroplast and on to chlorophyll a 700 
at the reaction center of a System I 
quantasome. Some ATP would be formed 
during the passage of the electron through 
the cytochrome system. Arriving at the 
chlorophyll a 700 molecule in spent condi- 
tion, the electron would be re-energized 
and passed on to frs, etc. In the series 
formulation the principal flow of electrons 
from chlorophyll a 700 would be these 
electrons derived eventually from water. 
They would then progress from frs to 
ferredoxin to flavorprotein, just as in Fig. 
29.3, and from flavoprotein on to NADP. 
It then becomes necessary to consider 
again the hydrogen atoms associated with 
these traveling electrons, as it is the reduc- 
ing power of activated hydrogen which is 
passed on from NADP into the formation 
of tniose phosphate. 

The electron flow visualized by the 
series formulation is essentially a one way 
flow, with electrons derived from water be- 
ing used first in photophosphorylation and 
then (after acquiring more energy from 
chlorophyll a 700) being transferred via 
NADP into newly formed photosynthate. 
Such a process is spoken of as noncyclic 
electron transport, and noncyclic photo- 
phosphorylation, in contrast to the cyclic 
electron transport and cyclic photophos- 
phorylation described in previous para- 
graphs as a function of System I. Even if 
one does not accept the series formulation, 
the electron transport chain for System I] 
is noncyclic, inasmuch as these electrons 
are delivered (with their associated hydro- 
gen).into the formation of photosynthate. 
The relative importance of cyclic and non- 
cyclic photophosphorylation in green plant 
photosynthesis is still debatable. It is gen- 
erally agreed that both are possible; the 
zigzag arrow in Fig. 29.3 for the delivery of 
excited hydrogen to flavoprotein is meant 
to provide for noncyclic photophosphoryla- 
tion. The weight of present opinion is that 
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although cyclic photophosphorylation is 
important im some of the bacteria, the 
noncyclic route of the series formulation is 
more important in higher plants. We shall 
see that the series formulation is also best 
adapted to explaining quantum require- 
ments for photosynthesis in higher plants. 

Returning to a consideration of the 
tate of YOH, we should note that in Sys- 
tem II photosynthesis YOH is transformed, 
through a series of reactions, into HzO, Ox, 
and Y. The nature of the intermediate 
steps in this series is not well understood, 
but it is known that manganese ions are 
required along the way, Without consider- 
ing the intermediate steps, the proeess of 
disposal of YOH may be represented 


simply as 4 YOH —> 2 H,O +4- Op +L Y. 
If this formulation is correct (and it ap- 
pears to be), System II produces 2 mole- 
cules of water and one molecule of oxygen 
for every 4 molecules of water that are 
split. 

The series of steps resulting in the 
transtormation of YOH into Y, HO, and 
Oz does not require any further input of 
energy. 

The student will have noted a number 
of uncertainties in the foregoing presenta- 
tion of the light reactions in photosyn- 
thesis. Although it is clear that System II 
is concerned with oxygen evolution, and 
that System I operating unaided in the 
photosynthetic bacteria can lead to the 
production of carbohydrate, the functional 
linkage of System II to System I in green- 
plant photosynthesis is still highly contro- 
versial, No one of the several published 
schemes for electron transport and linkage 
of the two systems can be aecepted without 
reservation at this time. 


The light reactions of green-plant 
photosynthesis, as here presented, lead to 
the formation of ATP, the production of 
reducing power in the form of reactive hy- 
drogen atoms attached to NADP, and the 
generation of free oxygen. Systems I and II 
cooperate to produce these results. Light is 


the source of energy, and water is the 
source of the free oxygen and of the hydro- 
gen attached to NADP. The use of ATP 
and the reducing power of reactive hydro- 
gen to fix CQ, in the form of carbo- 
hydrate (or other complex substanees 
which can be respired) is a function of the 
dark reactions. 

It has been known for some time that 
the light reactions of photosynthesis do not 
necessarily lead to the formation of carbo- 
hydrate. The system can be blocked at the 
point of linkage of the light reactions to 
the dark reactions. Early attempts to foster 
photosynthesis in isolated chloroplasts led, 
in effect, to the production of some of the 
light reactions but not the dark reactions. 

If a suitable electron acceptor is pro- 
vided to isolated chloroplasts under proper 
conditions, the light reactions take plaee 
and oxygen is produced, but no carbon 
dioxide is fixed and no carbohydrate 
formed. These facts were reported in 1939 
by the British botanist Robert Hill. A re- 
action of this sort soon came to be called 
the Hill reaction, and the electron acceptor 
that must be supplied came to be called a 
Hill reagent. The first Hill reagent was an 
iron salt, but subsequent experiments by 
other workers produced a long list of Hill 
reagents, including among others quinones 
and ferricyanide. The Hill reaction is of 
historical importance in understanding the 
growth of knowledge about the chemistry 
of photosynthesis, because it emphasized 
the distinction between the early reaetions 
of photosynthesis (here treated as the light 
reactions) and the subsequent fixation of 
CO: to form carbohydrate (here treated as 
the dark reactions), 


THe Dark REACTIONS 


The reactions involving the use of 
ATP and NADP.H in the assimilation of 
carbon dioxide can take place just as well 
in the dark as in the light, because at this 
stage the light energy absorbed by the 
chlorophyll and associated pigments has 
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been converted into chemical energy. 
These reactions are therefore generally 
known as the dark reactions. They are still 
generally considered to be a part of photo- 
synthesis in the broad sense. 


There are several pathways by which 
the hydrogen of NADP.H can be used, 
along with ATP energy, to assimilate car- 
bon from carbon dioxide into newly 
formed organic compounds. One way leads 
to the production of glycolate, a relatively 
simple organic acid with the structural 
formula 

j I 
—— o 
H 


We shall have occasion to refer to gly- 
colate again in connection with photores- 
piration. A much larger proportion of the 
available photosynthetic energy generally 
goes into the formation of glucose, and 
simplificd equations for photosynthesis re- 
flect this process alone. 

One of the most important facts 
about the photosynthetic assimilation of 
carbon dioxide to form glucose is that it 1s 
a cyclic process. The same kinds of eom- 
pounds are used and produced over and 
over again. The only net input is that of 
carbon dioxide, reactive hydrogen, and 
chemical energy. The net output is glucose 
and apparently also water. One of the key 
compounds in this cycle is ribulose diphos- 
phate (often abbreviated RuDP), and the 
cycle is therefore often called the ribulose 
diphosphate cycle. 

Another important fact about such 
use of carbon dioxide in the formation of 
glucose, and one that is now firmly estab- 
lished, is that the COs is taken on one 
molecule at a time, reacting with a 5- 
carbon compound (ribulose diphosphate) 
rather than being condensed direetly into 
new carbon compounds. The American 
biochemist Melvin Calvin (1911- _, Fig. 
29.4) received the Nobel prize in 1961 as 
a result of his work in the formulation and 


proof of this concept, which is further ex- 
plained below. The ribulose diphosphate 
cycle is therefore often called the Calvin 
cycle. 

In the presence of the proper en- 
zymes, carbon dioxide reacts with ribulose 
diphosphate (a 5-carbon compound), 
forming a 6-carbon compound that im- 
mediatcly splits into two molecules of a 3- 
carbon compound, phosphoglyceric acid 
(commonly abbreviated as PGA). No in- 
put of energy is required for these two 
steps in the process; in fact a small amount 
of energy is released. 

In continuation of the dark reactions, 
PGA reacts with NADP.H that has been 
formed in the light reactions, forming a 
triose (3-carbon) sugar with attached 
phosphate. This reaction requires energy 
from ATP. The third phosphate group of 
the ATP is attached to the tnose, carrying 
some of its energy with it, and ADP 1s 
released. Inasmuch as the assimilation of 
one molecule of CO, results in the forma- 
tion of two molecules of PGA, 2 ATP are 
required to deal with the assimilation prod- 
ucts of one molecule of CO; at this stage. 

Two molecules of triosc phosphate 
can be converted into a single molecule 
of glucose or other hexose sugar without 
further significant expenditure of energy. 
Glucose is a typical end-product of photo- 
synthesis. In the running cxplanation of 
the preceding few sentences we have used 
the general term triose phosphate rather 
than more specific terms, because two dif- 
ferent kinds of triose phosphate are in- 
volved. These are glyceraldehydc-3-phos- 
phate and phosphodihydroxyacetone (keto 
triose phosphate), which have exactly the 
same atomic constituents in slightly differ- 
ent configurations. The enzyme triose 
phosphate isomerase catalyzes a readily re- 
versible reaction between the two, produc- 
ing an equilibrium with only a small part 
of the triose in the aldehyde form. It 1s the 
glyceraldehyde-3-phosphate which is con- 
verted into glucose. 

The regeneration of the ribulose di- 
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phosphate that serves as the onginal ac- 
ceptor of the CO2 is a very complex 
process, involving 3-, 4-, 5-, 6-, and 7-carbon 
sugars. A considerable part of the triose 
that is formed in the reaction discussed 
above is diverted into the production of 
ribulose diphosphate, rather than being 
converted into glucose, and some of the 
hexose (probably fructose rather than glu- 
cose) is also fed into the process. The pub- 
lished diagrams purporting to represent 
this cyelic use and regeneration of ribulose 
diphosphate are so complex that they do 
not belong in an introductory textbook; 
furthermore, there is evidently some varia- 
tion in detail among different kinds of 
plants. Simple arithmetic shows that five- 
sixths of the PGA that is formed must 
eventually be used in the regeneration of 
nbulose diphosphate, rather than being 
available for other metabolic processes. If 
all the PGA not required for the regenera- 
tion of ribulose diphosphate were con- 
verted into hexose, the relationship could 
be expressed thus: 


er a C; — OF + 1/6 hexose. 


Only one step in the regeneration of 
RuDP requires the input of energy from 
ATP. This is the formation of RUDP 
from its immediate predecessor, a pentose 
(d-carbon) sugar. Adding this necessary 
energy to the two ATP seen to be required 
at an earlier step, we see that 3 ATP are 
required in the RuDP cycle to provide for 
the assimilation of a single molecule of 
carbon dioxide. This is well within the 
postulated capacity of ATP production in 
the light reactions, which even at a mini- 
mum should produce one ATP for each 
of the 4 molecules of water that are split 
for each molecule of CO. taken on. 

In reaeting with PGA to form'triose, 
NADP.H gives up its reactive hydrogen 
and reverts to NADP. This NADP is then 
available again as an acceptor of hydrogen 
in the light reactions of photosynthesis. 
The hydrogen given up by NADP.H may 
or may not go directly into the triose. In 


any ease, the hydrogen in typical photo- 
synthate is eventually derived from water, 
and the carbon and oxygen from carbon 
dioxide. 

Inasmuch as the assimilation of one 
molecule of CO, results in the formation 
of two PGA, and each PGA takes on two 
H from NADP.H, it is evident that 4 H 
(derived originally from 4 molecules of 
water) are used in dealing with one mole- 
cule of assimilated COs. It is equally clear 
that adding 4 H to CO, does not give us 
the proportions of these elements that 
exist in carbohydrate; we would have 
CH,O, rather than CHO. This discrep- 
ancy is explained by the fact that a net of 
one molecule of water is produeed in the 
process of converting two molecules of 
PGA into one molecule of hexose. Omit- 
ting extraneous complications, the net re- 
sult is 


Thus four molecules of water (providing 
the 4 H) must be split to reduce one mole- 
cule of COz. We have already noted that 
System II produces H:O and Oz from the 
OH units that are formed in the splitting 
of water. The four molccules of water that 
are split to reduce (eventually) one mole- 
cule of CO2 thus produce 2 molecules of 
H:O in System II (4 OH — > O + 
2 HỌ) and one molecule of water in the 
reduction of PGA. Thus three molecules 
of water are produced for every four that 
are split in photosynthesis. This fact may 
be expressed by modifying the simple 
equation 


6 CO2 + 6 H:O —> CoHi2Og -+ 6 O; 
to read 
6 CO: +- 24 HO —> 
CeH12054 + 18HLO +- 60». 


We shall see in a subsequent paragraph 
that the necessity to split 4 molecules of 
water to reduce one molecule of CO, 
relates to the fact that 8 quanta of light 
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are necessary for the fixation of one mole- 
cule of CO». 

We should note at this point that the 
surplus PGA formed in the RuDP cycle 
is not necessarily all converted into glucose. 
PGA is a normal intermediate in the sys- 
tem of glucose utilization. Instead of react- 
ing with NADP.H, it can continue in the 
normal respiratory cycle, with the release 
of energy into the metabolic system, lead- 
ing eventually to the formation of water 
and carbon dioxide. Or it can be used as a 
building block in the formation of amino 
acids, fats, and other protoplasmic constit- 
uents. Under starvation conditions the 
surplus PGA formed in the dark reactions 
may be largely used in respiration and the 
formation of protoplasmic constituents, 
with little or no accumulation of glucose. 
We must also remember that 5/6 of the 
PGA that is formed in the dark reactions 
is used eventually to regenerate RuDP; it 
is only the other 1/6 (referred to above as 
surplus) that is available for any other use 
at all. 

A scattering of kinds of highcr plants 
belonging to diverse families produce a 4- 
carbon acid, oxalacetate, as an initial 
photosynthetic product instead of PGA. 
These species still produce glucose, but not 
in quite the same way as most plants. 
Maize, sugar cane, and sorghum are 
notable and important examples of plants 
which bypass the PGA step in photo- 
synthesis. For reasons yet to be elucidated, 
such plants have little or no net photo- 
respiration. Photorespiration, an apparently 
wasteful breakdown of glycolate, is dis- 
cussed in Chapter 30. 

Glucose, the principal end-product of 
typical photosynthesis, is highly soluble in 
water. The accumulation of any consider- 
able amount of glucose in the cell would 
therefore upset osmotic balances and tend 
to disrupt the metabolic system. We 
should therefore not be surprised to find, 
as we do, that in most plants glucose is 
converted into insoluble storage products 
as fast as it is formed. The most common 


of these storage products is starch. Some 
kinds of plants, howevcr, especially some 
of the algae, produce oils or other kinds of 
storage products instead of starch. 

We have noted in an earlier paragraph 
that, in many of the algae, conversion of 
glucose into starch takes place around a 
special part of the chloroplast, the pyre- 
noid. T'he chloroplasts of higher plants do 
not have pyrenoids, and any starch storage 
in the chloroplast is generally strictly tem- 
porary. The synthesis of starch from glu- 
cose, and its subsequent storage, take place 
mainly in leucoplasts of a special kind, 
called amyloplasts. The chloroplasts retain 
the mechanism for starch formation, how- 
ever. Under proper experimental conditions 
isolated chloroplasts can carry on the com- 
plete photosynthetic process, from the re- 
ception of light to the formation of glu- 
cose, and can then turn that glucose into 
starch. 

We have for convenience and in ac- 
cordance with custom discussed the RuDP 
cycle of carbon dioxide assimilation as a 
part of photosynthesis. Such a viewpoint 
is satisfactory when one is dealing only 
with algae and higher plants. It is less use- 
ful in dealing with the bactena. Many 
bactena can assimilate carbon dioxide and 
produce carbohydrate without using light 
energy. The necessary energy is obtained 
by manipulating various sorts of com- 
pounds already present in the substrate. 
Some of these bacteria require an organic 
substrate, such as acetate, as a necessary 
ingredient for the assimilation of carbon 
dioxide. Others, such as Micrococcus deni- 
trificans and Thiobacillus denitrificans, 
have the complete RuDP cycle for carbon 
dioxide assimilation. ATP is the source of 
energy, just as in higher plants, and 
NAD.H furnishes the reactive atoms of 
hydrogen. Yet these bacteria do not use 
light energy, and there is no indication that 
their ancestors ever did so. For these and 
other reasons it has been suggested that 
the RuDP cycle for carbon dioxide assimila- 
tion originated in ancient bacteria, before 
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the origin of photosynthesis itself. The at- 
tachment of the RuDP cycle to photosyn- 
thesis was a great advance, making possible 
the efheient use of photosynthetic energy 
without dependence on complex substrates 
that might be in short supply. The photo- 
synthetic bacteria and some of the more 
primitive algae can be induced to revert to 
the use of acetate in assimilating COs, but 
under ordinary conditions they use the 
more efhcient RuDP cycle almost exclu- 
sively, 


BACTERIAL PHOTOSYNTHESIS 


In our discussion of photosynthesis by 
green plants, in the previous pages, we 
have referred repeatedly to features in 
which bacterial photosynthesis is different. 
It seems appropriate to summarize the 
similanties and differences here. 

Photosynthesis in bacteria resembles 
green-plant photosynthesis in that chloro- 
phyll, carotenoid pigments, and cyto- 
chrome cooperate to transform light energy 
into chemical energy that can (at least in 
some bacteria) be used to assimilate 
carbon dioxide by the RuDP cycle and 
produce new organic compounds, typically 
carbohydrates. It further resembles green 
plant photosynthesis in that much of the 
captured light energy is transferred into 
ATP by photophosphorylation. NAD (dif- 
fering from NADP in having one less 
phosphate group) serves as an intermediate 
hydrogen acceptor in bacterial photosyn- 
thesis, just as NADP serves in green-plant 
photosynthesis. A quinone participates in 
bacterial photosynthesis (possibly in elee- 
tron transport), just as in green-plant 
photosynthesis, but the bacterial quinone 
is ubiquinone, whereas the green plant 
quinone is plastoquinone. All of these 
similarities reflect the fact that System I 
photosynthesis in the bacteria has been 
carried over into higher plants with only 
minor changes. 

The principal differences between 
bacterial photosynthesis and green-plant 


photosynthesis reflect the fact that the 
bacteria lack System II. It is now believed 
that the bacteria do not split water in 
photosynthesis. Bacterial photosynthesis 
therefore does not result in the evolution 
of oxygen. It furthermore requires a suit- 
able hydrogen donor, such as gaseous 
hydrogen, hydrogen sulfide, or various 
other sulfur or organic eompounds. It is 
now generally thought that the hydrogen 
provided by this external hydrogen donor is 
the eventual source of hydrogen for 
bacterial photosynthesis. Recent studies 
suggest that at least some of the photo- 
synthetic bacteria have a partial dif- 
ferentiation of two photosystems, one 
coneerned strictly with cyclie photophos- 
phorylation, the other with generating 
redueing power associated with hydrogen. 
These bacteria still require a hydrogen 
donor other than water, but it might be 
possible to see in them the beginning of 
the differentiation between System I and 
System IT of green plants. 

It may be of some interest that several 
genera of blue-green, green, red and brown 
algae have been shown to retain the 
ancestral capacity to use substances other 
than watcr (such as H2S or Hə) as hydro- 
gen donors in photosynthesis, under special 
anaerobic conditions. Under these condi- 
tions, no oxygen is produced. 

We have already noted that bacteria 
do not have highly organized chloroplasts 
comparable to those of most algae and 
higher plants. Only the light reactions of 
photosynthesis (and indeed only System I) 
arc clearly associated with the chlorophyll- 
bearing organelles of bacteria. The dark 
reactions in photosynthetic bacteria have 
been reported to take place away from 
these chlorophyll-bearing organelles, but 
the matter is still controversial. In any 
case, some of the photosynthetie bacteria 
do carry on the dark reactions; the contro- 
versy 1s about where they do it. 


The pigments in bacterial photosyn- 
thesis are comparable but not identical to 
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those in green-plant photosynthesis. Bac- 
teniochlorophyll appears to be the func- 
tional homolog of chlorophyll a 680. Its 
absorption spectrum is notably different, 
however, in that the peak toward thc red 
end of the spectrum is shifted into the 
infrared, with a maximum between 800 
and 900 millimicrons. Other chlorophylls 
in addition to bactenochlorophyll are pres- 
ent or not, according to the kind of bac- 
terium. Carotenoid pigments are regularly 
present in photosynthetic bacteria, but 
they are chemically slightly different from 
those of higher plants. There is no reason 
to suppose that the functions of bacterial 
carotenoid pigments are significantly differ- 
ent from those of the carotenoids of higher 
plants. 

Several other enzymes in_ bacterial 
photosynthesis are slightly different from 
their homologs in green plant photosyn- 
thesis. Photosynthetic electron transport in 
bacteria involves a c-type cytochrome dif- 
ferent from the cytochrome f of green 
plants. The NAD of bacteria has one less 
phosphate group than the NADP of green 
plants. The quinonc of bactcnal photosyn- 
thesis is ubiquinone rather than plasto- 
quinone. 


QUANTUM REQUIREMENTS 


It is now generally agreed, after long 
controversy, that 8 quanta (ultimate, indi- 
visible units of light energy) are required 
to reduce one molecule of carbon dioxide 
and produce one molecule of oxygen in 
green plant photosynthesis. It is further 
believed (with perhaps less certainty) that 
this requirement is split 4 and 4; 4 quanta 
for System I, and 4 for System II. Beyond 
these more or less well established facts, 
the situation is still highly controversial. A 
simple (and possibly correct) approach is 
to consider that one quantum is required 
to split each molecule of water (System 
II), and that one quantum is required to 
deal with each H atom (or its associated 


electron) produced by such splitting (Sys- 
tem I). Then, presenting the photosyn- 
thetic reduction of carbon dioxide in its 
simplest terms, 


Four quanta are required to produce the 
4 H in System IT, and four quanta are re- 
quired to deal with those 4 H in System I. 
One quantum would be required by Sys- 
tem II to split each molecule of water, 
and one quantum would be requircd to 
take each H atom into System I. Fach 
direct photochemical event would requirc 
only one quantum (as ought to be true 
on photodynamic principles), and a total 
of 8 quanta would be required to reduce 
one moleculc of carbon dioxide and pro- 
duce one molecule of oxygen. In this view 
System I and System IT photosynthesis are 
essentially balanced. The series formula- 
tion, whatever its other possible weak- 
nesses, is admirably adapted to explaining 
a balanced quantum requirement in Sys- 
tems I and IJ, inasmuch as it visualizes 
the delivery of electrons (associated with 
or derivcd from the hydrogen of water) 
from System II into System I for re- 
excitation. 


ENVIRONMENTAL FACTORS 
AFFECTING PHOTOSYNTHESIS 


WATER 


Most of the water absorbed by land 
plants is lost through transpiration. Some 
of the remainder is used in various meta- 
bolic processes and as a principal constitu- 
ent of any new protoplasm and cell sap that 
is formed. Only a relatively small amount, 
usually less than 1 percent of the water 
absorbed, is used directly in photosynthesis. 
Under conditions which permit reasonably 
normal physiological activity, there is prob- 
ably never a significant direct shortage of 
water as a raw material for photosynthesis. 
Shortage of water does indirectly retard the 
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rate of photosynthesis, however, even if 
all other conditions are favorable. Further- 
more, water shortage usually causes the 
stomates to close, thus reducing the rate 
of entry of carbon dioxide, the other essen- 
tial raw material for photosynthesis. 


CARBON DIOXIDE 


Carbon dioxide makes up only a small 
proportion of the air, about 0.03 percent 
on the average. The actual concentration 
in plant habitats varies from about half to 
several times this value, due to local in- 
fluences, such as removal of CO, by photo- 
synthesis and addition of CO; by respi- 
ration—especially of soil microorganisms. 

Carbon dioxide is absorbed chiefly 
through the cell walls of the mesophyll. It 
dissolves in the water at the surface of the 
cell walls, entering the protoplasm both di- 
rectly and as HeCOs, the unstable acid 
formed by reaction with water. Much of 
the CO and HCO; is transformed im- 
mediately into other unstable compounds 
on entry into the protoplast, so that there 
is probably no need to absorb against a 
concentration gradient. These compounds 
in turn readily give up COz at the surface 
of the chloroplast, where it is used in 
photosynthesis. 
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with 6.01% CO, 
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Some carbon dioxide is absorbed di- 
rectly through the epidermal cells, in spite 
of the cuticle. The amount of wall surface 
that abuts on intercellular space in the 
mesophyll is generally greater, however, 
than the total epidermal surface presented 
to the air, usually on the order of 10 or 15 
times as great, and direct absorption 
through the epidermis is not usually very 
important. We have already noted that 
the rate of gaseous diffusion through sto- 
mates is higher than their total area would 
suggest, and the concentration of CO; in 
the intercellular spaces of the mesophyll 
is, therefore, usually not much different 
trom that of the outside air, when the sto- 
mates are open. 

Physiological processes of any sort are 
generally governed by several or many in- 
teracting environmental factors. Under a 
given set of conditions for all factors but 
one, the remaining factor has a minimum 
below which the process does not occur, an 
optimum at which it occurs fastest or best, 
and a maximum above which it does not 
occur. The minimum effective value for 
any particular factor or set of factors is 
often called the threshold. The optimum 
value for a factor differs under different 
conditions, and even the minimum and 
maximum are subject to some changc. 








Fig. 29.5 Rates of photo- 
synthesis in relation to light 
intensity and the concentra- 
tion of carbon dioxide. 
(Data from W. H. Hoover, 
E. S. Johnson, and F. S. 
Brackett. From  Transeau, 
Sampson, and Tiffany, Text- 
book of botany, rev. ed., 
Harper & Row, 1953.) 
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Thus the optimum light intensity for pho- 
tosynthesis is higher for plants well-sup- 
plied with water or CO» than for plants 
inadequately supplied. 

If none of the factors governing the 
rate of a process is very far from the opti- 
mum, improvement of any one or several 
factors increases the rate of the process. 
Any factor which is too far from the opti- 
mum, however, may limit the rate, regard- 
less of how much the other factors are im- 
proved. The factor which, through being 
too far from the optimum, exerts the most 
drag on the rate of a process, under a given 
set of conditions, is often called the limit- 
ing factor. 

The amount of CO% in the air is of- 
ten the limiting factor for photosynthesis. 
Under conditions of rapid evaporation, 
water may be the limiting factor. On a 
sumrner day, decreasing light becomes the 
limiting factor as the sun goes down and 
darkness follows; the rate of photosynthcsis 
falls progressively with increasing darkness 
until the amount of light falls below the 
threshold, and no further photosynthesis 
occurs until the next day. On a winter day 
in an evergreen forest, temperature is com- 
monly the limiting factor for photosyn- 
thesis. 

Moderate increase in the CO; eontent 
of the air, up to several times as great as 
normal, usually results in an increased rate 
of photosynthesis, if other conditions are 
reasonably favorable. Much higher con- 
centrations tend to retard photosynthesis, 
the optimum varying according to the kind 
of plant, the length of the experiment, and 
the environmental conditions. Concentra- 
tions of more than 0.5 percent are harmful 
to most species, and a concentration of 
0.3 percent (10 times normal) was found 
to be harmful to tomato plants within 2 
weeks, after an initially favorable effect. 
Plants in greenhouses and even in open 
fields can be effectively “fertilized” by addi- 
tion of CO» to the air, often increasing 


the yield by as much as 100-200 percent, 
but such treatment is uneconomical except 
possibly for a few greenhouse crops in some 
areas. 


LIcHT 


Sunlight is ordinarily the source of en- 
ergy for photosynthesis, although artificial 
light is also effective. The nature of sun- 


_ light is discussed in Chapter 2. 


Light from practically all the visible 
spectrum is effective in photosynthesis, al- 
though there is usually a marked drop in 
the effectiveness of the green and yellow 
portions, between 500-600 my, because 
much of the light in this part of the spec- 
trum is reflected rather than absorbed. 
Radiation in the ultraviolet or infrared 
range is of little or no value in photo- 
synthesis. 

Leaves commonly absorb about half 
the total radiant energy to which they are 
exposed, including about 80 percent of 
the visible light. The exact proportion of 
the visible light absorbed varies according 
to the thickness of the leaves and other 
factors but is seldom less than 60 percent 
or more than 90 percent. The remainder is 
partly reflected, and partly transmitted 
through the leaf. 

The intensity of sunlight varies with 
the latitude, the season, the time of day, 
the altitude, and the atmospheric condi- 
tions. Clouds, dust, and water vapor in the 
air all cut down the light intensity. ‘The 
cxposure and pitch of a slope have obvious 
effects on the amount of light hitting a 
given area of ground surface. The quality 
of light (i.e. the distribution of wave- 
lengths over the spectrum) is influenced 
by most of these same factors, but under 
natural conditions the differences in inten- 
sity are far more important. 

The intensity of sunlight at noon on a 
clear summer day in the temperate zone 
commonly ranges from about 8000-10,000 
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or even 12,000 fovt candles. In midmorning 
or midafternoon it is often only half as 
great. On a cloudy winter day, it is often 
less than 1000 foot candles, even at noon. 
Under a tree with a rather open crown, the 
light intensity is usually from about 1⁄4 ọ to 
%q that of full sunlight. 

The optimum light intensity for photo- 
synthesis in individual leaves of ordinary 
land plants cormmonly ranges from about 
1% of full summer sunlight in shade spe- 
cies to % or 1⁄4 of full sunlight in maize 
and in trees, such as apples and pines, if 
other conditions are reasonably favorable. 
The optimum light intensity for the whole 
plant, however, is often markedly higher 
than that for individual leaves. The inte- 
rior leaves of a densely leafy tree may re- 
ceive less than 1 percent as much illumi- 
nation as the upper ones. The rate of 
photosynthesis for the whole plant in- 
creases with the light intensity until the 
reduction in rate by overilluminated leaves 
counterbalances the increase in rate by 
underillurninated ones. The optimum light 
intensity for many trees approaches or 
equals that of full summer sunlight, if 
other factors do not intervene. 

Too high an intensity of light may 
depress the rate of photosynthesis in sev- 
eral ways. One way is through increasing 
transpiration, causing the stomates to close 
and cut off most of the CO; supply. High 
light intensity is also associated with an in- 
creased rate of photorespiration, which 
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uses up photosynthate without a com- 
mensurate return of respiratory energy. 
Photorespiration is discussed on pp. 587- 
589. 

Only a small proportion of light ab- 
sorbed by leaves is changed into potential 
chemical energy by photosynthesis. The 
proportion varies according to the quality 
and intensity of the light, the other en- 
vironmental factors, and the kind of plant. 
At light intensities somewhat less than the 
optimum, as much as 10-20 per cent of 
the absorbed light energy may be fixed by 
photosynthesis. In full sunlight the efh- 
ciency of individual leaves may be only a 
fifth or a tenth as great. These figures re- 
Hect the net energy gain of the leaves, as 
determined experimentally by the heat of 
combustion, and thus really measure the 
excess of photosynthesis over respiration 
and photorespiration (if any), rather than 
the total amount of photosynthesis. 

We have noted that leaves commonly 
absorb only about 80 percent of the visible 
light which falls on them, that only about 
40 percent of the radiant energy from sun- 
light is in the visible spectrum, and that 
only the energy of the visible spectrum is 
available for photosynthesis. Thus the efh- 
ciency of the leaf in using the radiant en- 
ergy to which it is exposed is roughly only 
a third as great as its efficiency in using the 
light it has absorbed. Actual figures of the 
photosynthetic efficiency of individual 
leaves in terms of the total radiant energy 
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Fig. 29.6 Action spectrum 
of light in photosynthesis 
(i.e. the relative rates of 
photosynthesis in different 
wavelengths of light of equal 
intensity). (After B. S. Meyer 
and D. B. Anderson. From 
Transeau, Sarnpson, and Tif- 
fany, Textbook of botany, 
rev. ed., Harper & Row, 
1953.) 
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to which they are exposed ranged from 
0.6 to 7.7 percent in one set of experi- 
ments using several different kinds of com- 
mon plants under varying light intensity. 

The efficiency of natural vegetation or 
a cultivated crop in fixing solar energy de- 
pends on the proportion of light which 
falls on the plant rather than on the ground 
surface, as well as on the efficiency with 
which the light that falls on the plant is 
used. ‘The effect of respiration must also 
be considered for the entire plant, rather 
than just for the chlorophyllous part. The 
efficiency of plants is low indeed when 
measured in these terms. 

Maize is one of the most efficient 
crops. It has been calculated that an acre 
of maize in north central Illinois fixed 
about 1.2 percent of the solar energy that 
fell on an acre during a growing season of 
100 days, after allowing for the loss by res- 
piration and photorespiration. About one- 
third the net photosynthetic product is in 
the grain, so that the efficiency of maize in 
converting solar energy into chemical en- 
ergy of the grain is only about 0.4 percent. 
Measured on an annual basis, the efhciency 
is even less, since the crop occupied the 
field for less than a third of the year. The 
average annual efhciency of most crops and 
deciduous forests in the temperate zone, 
measured by the total net production of 
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organic matter, is only about 0.1-0.2 per- 
Cent. 


TEMPERATURE 


The low-temperature threshold for 
photosynthesis varies from as low as 
— 35°C in some northern conifers to about 
5°C in many tropical angiosperms. In the 
winter, temperature is doubtless often the 
limiting factor for photosynthesis in ever- 
green angiosperms and conifcrs, but during 
the ordinary growing season, some other 
factor is almost always limiting, and vari- 
ations in temperature have less effcct. 

Under experimental conditions, with a 
plentiful supply of CO; and with all other 
factors maintained in a favorable balance, 
the effect of variation in temperature is 
very evident. The optimum then varies not 
only with the species but also with the du- 
ration of the experiment. The highest ini- 
tial rate is often attained at temperatures 
as high as 35°C, but the rate falls off if 
such temperatures are maintained for even 
a few hours. The cause of the decline is 
not fully understood; one suggestion is that 
the initially favorable effect of high tem- 
perature, due to the general principal that 
the speed of a chemical reaction tends to 
increase with the temperature, is eventu- 
ally eounterbalanced by the progressive de- 






Fig. 29.7 Rates of photo- 
synthesis in potato leaves in 
relation to temperature and 
the concentration of carbon 
dioxide. (Calculated from 
data by H. G. Lundegardh. 


`~ From Transeau, Sampson, 





“a and Tiffany, Textbook of 
35° 40° 45° botany, rev. ed., Harper & 
Row, 1953.) 
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struction or inactivation of some of the 
necessary enzymes. 


TRANSLOCATION OF FOODS 


INTRODUCTION 


Under reasonably favorable conditions, 
the products of photosynthesis accumulate 
more rapidly during the day than they can 
be used or removed to other parts of the 
plant. Glucose, the usual primary product 
of photosynthesis, is soluble in water and 
thus affects the osmotic balance of the cell. 
In most angiosperms, much of the glucose 
is converted into starch as rapidly as it is 
produced. Starch is insoluble and does not 
affect the osmotic balance of the cell. Dur- 
ing the night much of the starch is con- 
verted into sucrose or other soluble sugars 
and carried away to the nonphotosynthetic 
parts of the plant. 


PHLOEM 


Sucrose and other organic solutes are 
usually translocated through the phloem. 
The mechanism of the movement is not 
fully understood. It is clear that the move- 
ment results from a vital process in the 
phloem; translocation stops if the cells are 
killed. It is also clear that the same solute 
can move in opposite directions at different 
times, and that different solutes can move 
in Opposite directions at the same time 
through the same region of the phloem, 
though presumably not in the same sieve 
tube. 

Furthermore, a relatively large amount 
of material is moved, at a rather rapid rate. 
Measurements of 20 to 150 or even 500 cm 
per hour have been recorded, with: figures 
in the neighborhood of 100 to 150 turning 
up repeatedly. Inasmuch as the openings in 
a sieve plate commonly cover only about 
10 percent of the area of the plate, a rate 
of flow of 100 cm per hour through the 


body of the sieve tube would require some 
1000 cm (10 m) per hour through the 
openings in the sieve plate. A rate of 1000 
cm per hour is nearly 3 mm per second. 

Calculations in one expermment indi- 
cated that an average of 0.6 gram per hour 
of organic matter (measured by dry 
weight) passed through a pumpkin stalk 
and into the developing fruit over a 33-day 
period, A rate of about 110 cm per hour 
would be required to carry this amount of 
food through the available phloem if the 
food moved in a 10 percent solution that 
occupied the whole interior of the sieve 
tubes. 

It has been demonstrated, subsequent 
to about 1960, that the sugar solution in 
sieve tubes of stems and leaves is under 
considerable pressure, commonly as much 
as 20 atmospheres, the pressure decreasing 
downward in the roots. In our present era 
of complicated and precise instrumenta- 
tion in scientific experiments, it is interest- 
ing to note the simplicity of the studies 
which supplied the clinching evidence that 
the phloem solution is indeed under pres- 
sure. Aphids insert their long, slender beak 
into the stem or leaf, probing until the 
beak penetrates a sieve tube. The aphid 
then settles down and allows the food to 
pump into it. If the body of the aphid is 
cut off from the beak, the phloem solution 
continues to exude from the severed end of 
the beak for some time, commonly several 
days. If the phloem were not under pres- 
sure, no such exudation would occur. 

All present hypotheses attempting to 
explain the movement of the phloem solu- 
tion are subject to serious difficulties. One 
of the greatest problems is to explain how 
the pressure to cause such a rapid move- 
ment is attained. It seems likely that com- 


panion cells serve in getting the food solu- 
tion into and out of the sieve tubes; in this 
connection it is perhaps noteworthy that 
the companion cells are especially large in 
the leaves. Sieve tubes commonly function 
only one year, although the phloem may 
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live several years longer as a storage tissue, 
with the sieve tubes more or,less collapsed. 


OTHER TISSUES 


Not all the living cells of a plant are 
in direct contact with the phloem; there- 
fore, some movement of foods must occur 
through cells or tissues of other kinds. The 
familiar principles of diffusion and cyclosis 
seem adequate to explain such movement, 
especially since the distance to be traveled 
is usually only a few cells wide and since 
the cytoplasm of adjacent cells is connected 
by plasmodesmata. The apical initials of 
stems and roots may be some distance re- 
moved from the phloem, but the plasmo- 
desmata in the meristematic and immature 
regions are commonly larger and more nu- 
merous than those of mature regions. Fur- 
thermore, even the region of elongation 
commonly has some mature protophloem 
elements. 

The greatest distance that food must 
travel outside the phloem is usually from 
the cambium to the innermost part of the 
sapwood of a tree, commonly several 
inches. This lateral conduction occurs 
largely in the wood rays, which are com- 
posed of parenchyma cells. An inadequate 
food supply at the end of the line may be 
one of the factors contributing to the pro- 
gressive change of sapwood to heartwood. 

Storage of sugar in the sapwood of 
trees during the winter and early spring 
easily gives rise to the misimpression that 
the xylem is an important food-conducting 
tissue. Early in the spring, when the leaves 
have not yet expanded and the water sup- 
ply is abundant, a considcrable amount of 
sugary sap will often ooze out if the wood 
is cut into. Doubtless much of this stored 
sugar is later carried upward with the 
transpiration stream, but the total amount 
of food moved in the xylem is insignificant 
as compared with the amount in the 
phloem. 


STORAGE OF FOOD 


INTRODUCTION 


Food is stored in many forms, includ- 
ing carbohydrates, proteins, and fats, in 
various organs of the plant. Many plants 
store some carbohydrates as soluble sugars 
which are freely transported; otherwise the 
food stored in a cell is made thcre from 
simple sugars or from these plus other com- 
ponents. We have noted in Chapter 3 that 
simple sugars are not the only immediate 
products of photosynthesis, but they are 
still the primary building blocks which are 
variously modified and recombined to form 
the major share of the organic components 
of the cell. 


ForMS OF STORED Foop 


Carbohydrates are by far the most 
abundant form of stored food in angio- 
sperms and other embryophytes, and starch 
is by far the most common storage product. 
Starch grains are formed singly within the 
leucoplasts, often becoming so large that 
the body of the leucoplast forms only a 
thin layer around the grain. A leucoplast 
with its included starch grain is often 
called an amyloplast (Fig. 29.8). Usually 
the grain appears to consist of a series of 
concentric layers, with the inner part of 
each layer denser than the outer part. The 
shape of the grain varies with the species, 
and the source of the starch in flour can 
often be identified by microscopic exami- 
nation, especially with polarized light. 

Some plants storc polysaccharides de- 
rived from fructose. The most common 
fructosan, as such compounds are called, is 
inulin, a white, powder-like substance 
which forms a colloidal sol in water and is 
dispersed in the cell sap of the cells in 
which it accumulates. Inulin is especially 
common in the family Compositae, being 
found for example in dahlia, dandelion, 
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Fig. 29.8 Left, single grain of potato starch within an amyloplast, and the amyloplast 
with the starch grain removed. (X about 750.) Right, section showing a few cells of a 
potato tuber; the cells contain large and conspicuous starch grains and a few small 
granules of protein. (X about 150.) (From W. H. Brown, The plant kingdom, copyright 


1935 and 1963; courtesy of Ginn & Company, Boston.) 


goldenrod, Jerusalem artichoke, and sal- 
sify. Inulin is more often found in roots 
and tubers than in aerial stems, and some 
plants which store inulin in the roots also 
store starch in the stems. 

The hemicelluloses (polysaccharides 
which are common constituents of cell 
walls) are often used as reserve food, espe- 
cially by the germinating cmbryo of a seed. 
The hemicellulose of cell walls in the xy- 
lem of trees is also often used as food when 
growth is resumed in the spring. 

Monosaccharides, disaccharides, and 
trisaccharides are also often stored and used 
as food. Sweet corn is rich in glucose, a 
monosaccharide. Fructose, another mono- 
saccharide, is stored in the flesh of many 
fruits, as well as elsewhere. As much as 
20 percent of the fresh weight of the roots 
of sugar beet and the stems of sugar cane 
may consist of sucrose, a disaccharide 
which yields one molecule of glucose and 
one of fructose when digested. Rafhnose, 
a trisaccharide which yields one molecule 
each of glucose, fructose, and galactose, is 
also stored in many plants. 


The very numerous proteins and fats 
which are stored as food by plants are not 
readily classified into groups comparable to 
the groups of carbohydrates. In any indi- 
vidual instance the fats can be analyzed 
and their structure determined, since each 
fat molecule can be hydrolyzed into 1 mole- 
cule of glycerin and 3 molecules of fatty 
acid. The proteins, though composed of a 
limited number of kinds of amino acids, 
are so much more complex in structure 
that it is not yet generally practical to de- 
vise structural formulas for them. 


OrcANS IN Wuicu Foop Is STORED 


Food may be stored in any organ of 
the plant, although there is not ordinarily 
much storage in the flower parts. The 
storage Organ may or may not be obviously 
modified. Temporary storage of starch in 
the Icaves is a normal corollary of photo- 
synthesis. The stems and roots of trees, 
and the roots or underground stems of 
perennial herbs, necessarily store some 
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food, which is called on when the plant 
resumes growth after a period of dormancy. 

Many plants have special modified 
roots, stems, or leaves, usually under- 
ground, which serve as storage organs. The 
scales of an onion bulb are modified leaves; 
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Fig. 29.9 Diagram of starch 
grains from several kinds of 
plants; A, bean; B, corn; 
C, oats; D, potato; E, rice; 
F, wheat. (Adapted in part 
from Leffman & Bean. From 
Transeau, Sampson, and Tif- 
fany, Textbook of botany, 
rev. ed., Harper & Row, 
1953.) 
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Fig. 29.10 Baobab (Adan- 
sonia digitata), an African 
i tree which stores food in 
so fikat o the swollen trunk. (Photo by 
a a O W. H. Hodge.) 


the Irish potato is a familiar underground 
stem, and the sweet potato is an under- 
ground root. Many familiar biennials have 
storage roots (sometimes joined to a mas- 
sive hypocotyl). Underground storage or- 
gans are usually high in carbohydrate, 
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which is readily digestible and available, 
and low in protein and fat, which are more 
economical of space; space is not generally 
at a premium in such organs. 

Fleshy fruits commonly have a supply 
of stored carbohydrates. Often, especially 
in plants of temperate regions, the amount 
of food stored in the fruit is not very great, 
and the sweetness is provided chiefly by 
fructose, a monosaccharide that is much 
sweeter than glucose or sucrose. Food 
stored in the pericarp of a fruit is not gen- 
erally used directly by the plant but serves 
instead as part of the attraction to the ani- 
mals which distribute the seeds. 

Seeds, in which space is usually at a 
premium, commonly have a higher pro- 
portion of proteins and fats than do vege- 
tative storage organs. Proteins and fats 
have more potential energy, per unit of vol- 
ume or weight, than earbohydrates. Proto- 
plasm is essentially proteinaceous, with a 
considerable fat content as well. If the 
seed had little or no stored protein and fat, 
it would be necessary to use carbohydrates 
in their manufacture, and also as a source 
of energy for the process. If the manufac- 


Fig. 29.11 Percentage of 
protein in various foods. 
(From Transeau, Sampson, 
and Tiffany, Textbook of 
botany, rev. ed., Harper & 
Row, 1953.) 
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ture is carried out before the seed is ma- 
ture, the need for stored carbohydrate as 
an energy source is reduced. Even with 
some of the necessary proteins and fats 
already provided, the germinating seed re- 
quires a supply of stored energy. In terms 
of space and weight, this is more econom- 
ically provided by fats than by carbohy- 
drates. Nevertheless, carbohydrates as well 
as proteins and fats are major components 
of the stored food of most seeds, and often 
there is more carbohydrate than the total 
of protein and fat. 


SUGGESTED READING 


Asimov, Isaac, Photosynthesis, Basic Books, 
New York, 1968. By a master of popular 
scientific exposition. 

Plant life. A Scientific American book, Simon 
& Schuster, New York, 1957, 237 pp. A 
collection of popular articles by outstand- 
ing botanists, originally appearing separ- 
ately in the Scientific American from 1949 
to 1957. Informative and easy reading, cov- 
ering a wide variety of topics, from photo- 
synthesis to strangler trees to hybrid corn. 





30 


ANGIOSPERMS: 
RESPIRATION 








Western skunk cabbage, Lysichiton kamtschatkensis. This species and a number of its 
relatives respire so rapidly, as they come up in the spring, that the internal temperature 
of the inflorescence may reach 40 or 45 degrees C., several degrees higher than the 
normal human body temperature (37° C.). Skunk cabbage blooms at a time when 

the air temperature often drops below freezing, and the high rate of respiration may be 
of some importance in helping the plant to withstand low temperatures. 

(Photo by W. H. Hodge.) 





INTRODUCTORY SUMMARY 


We have seen that light energy is 
captured by green plants and transformed 
into chemical energy that is bound up in 
foods such as glucose that have been made 
from raw materials. This anabolic process 
is called photosynthesis. Foods arc also 
broken down within living cells, releasing 
chemical energy (and heat) into the meta- 
bolic system. This catabolic process is 
called respiration. Respiration is always, in 
a chemical sense, an oxidation-reduction 
reaction, in which food is oxidized and 
some other substance—typically oxygen— 
is reduced. Photosynthesis and respiration 
collectively form the principal mechanism 
by which light energy is transformed into 
metabolic energy. 

Respiratory energy is transmitted into 
the metabolic system chiefly in two forms, 
(1) the high-energy bond linking the third 
phosphate group onto adenosine triphos- 
phate (ATP), and (2) the redueing power 
of reduced pyridine-nucleotides (NAD.H2 








and NADP.H2) (Fig. 30.1). NAD and 
NADP are not chemical formulas, but con- 
ventional abbreviations for more complex 
substanccs more formally known as nico- 
tinamide-adenine dinucleotide and nico- 
tinamide-adenine dinucleotide phosphate. 
ATP transfers energy by giving up its third 
phosphate group to some other compound. 
The bond by which this third phosphate 
group is attached to the ATP molecule is 
a high-energy bond, oftcn represented by 
the symbol ~. NAD.H2 and NADP.He, 
transfer energy by passing a pair of reactive 
hydrogen atoms to a hydrogen acceptor, 
which is thereby reduced. In the mito- 
chondria NAD.Hg2 is coupled to the cyto- 
chrome system for the efficient production 
of ATP, but elsewhere in the cytoplasm 
NAD.H. and NADP.H. transfer some of 
their energy (in the form of reactive pairs 
of hydrogen atoms) more directly into the 
anabolic process. 

Respiration also provides carbon-con- 
taining compounds which can be used as 
building blocks for other protoplasmic con- 
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Fig. 30.1 Structure of NAD (left) and Coenzyme A (CoA) (right). 
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stituents. For example, acetyl-CoA (a two- 
carbon compound attached to Coenzyme 
A) is an intermediate product in typical 
respiration of both glucose and fats. The 
acetyl units of acetyl-CoA can be further 
broken down (oxidized), with additional 
release of respiratory energy, or some of 
them can be shunted into anabolic pro- 
cesses. 

As here defined, respiration includes 
both aerobic respiration, in which free oxy- 
gen is used and foods are completely 
broken down to such products as water and 
carbon dioxide, and anaerobic respiration, 
in which free oxygen is not uscd and foods 
are only partially broken down, leaving at 
least one end-product which can be further 
respired aerobically. Anaerobic respiration 
is often also called fermentation. A familiar 
anaerobic respiratory process, carned out 
by yeasts, uses glucose to form ethyl 
alcohol and carbon dioxide. Ethyl alcohol 
can be respired aerobically by other organ- 
isms (including man) to form water and 
carbon dioxide. 

Students who have previously been ex- 
posed to some biological chemistry may 
note that the term respiration is often used 
in a narrower sense, to include only what is 
here called aerobic respiration. For our 
purposes the broader definition is more 
useful, inasmuch as no other term is avail- 
able for the necessary concept of respira- 
tion as a means of converting stored energy 
into metabolic energy. We may also note 
that the principal steps in some of the 
most familiar kinds of anaerobic respira- 
tion are identical to the early steps in 
typical aerobic respiration. 

The most typical respiratory substrates 
(foods used in respiration) are hexose 
monosaccharides, such as glucose. Many 
other substances, such as pentose mono- 
saccharides, glycerol, fatty acids, amino 
acids, alcohol, and acetic acid, can also be 
respired. 

With regard to substances used and 
products formed, typical photosynthesis 
(leading to the formation of glucose) and 
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typical respiration (in which glucose is 
oxidized) may be regarded as exact oppo- 
sites. The equations are: 


Photosynthesis: 
6 CO: + 6 H:O + light energy —> 
CeHi2O¢ + 6 O» 
Respiration: 
Cel1120¢ + 6 Ov => 
6 CO: + 6 H:O + 
chemical energy and heat. 


Thcse simplified equations mask a series of 
essential differences in the actual processes 
of photosynthesis and respiration. ‘The 
series of steps by which glucose is respired 
is very different from the series of steps by 
which it is made, although cytochrome, 
ATP, and pyridine nucleotides are involved 
in both series. 

The most common pathway for respir- 
ation of glucose, in both plants and 
animals, may be considered as consisting of 
two major parts, which occur in sequence 
in different parts of the cell, using different 
sets of cnzymes and chemical reactions. 
The first part, carried on in the soluble 
part of the cytoplasm, consists of a series of 
reactions known as the EMP pathway. It 
liberates a relatively small amount of 
energy, which is largely passed into 
NAD.H, and ATP. The EMP pathway 
leads to the production of a 3-earbon com- 
pound called pyruvate (pyruvic acid); free 
oxygen is not used in the process. The 
second part, carried on chiefly in the mito- 
chondria, consists of a series of reactions 
known as the TCA cycle, closely linked to 
the cytochrome system. The TCA cycle 
breaks down pyruvate into carbon dioxide 
and pairs of energy-bearing, reactive hydro- 
gen atoms. These pairs of hydrogen atoms 
are passed into the cytochrome system and 
eventually unite with free oxygen to form 
water. On their way through the cyto- 
chrome system thcy govern the formation 
of ATP from ADP and phosphate ion. 

Intermediates in the TCA cycle may 
be diverted at any of several steps in the 
cycle, entering other metabolic processes. 
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The TCA cycle may also be short-circuited 
into a related cycle called the glyoxylate 
cycle, which releases a smaller amount of 
energy and produces some 4-carbon com- 
pounds that can be used as metabolic 
building blocks. 

Glucose can also be respired by a com- 
pletely different route, called the pentose 
phosphate cyele, with an energy yield com- 
parable to that of the combined EMP path- 
way and TCA cycle. Here we see a good 
example of the principle of alternative or 
back-up systems, which permeates both 
plant and animal physiology. An organism 
which can perform some necessary func- 
tion in more than one way has a competi- 
tive advantage under environmental condi- 
tions which inhibit one of those ways but 
not the other. 

We may note at this point that the 
discussion of respiration in this chapter, 
although appearing in the section of the 
book dealing with angiosperms, is written 
to cover plants as a whole. It has seemed 
appropriate to defer this general discussion 
until the completion of our survey of the 
major groups of plants. 


THE EMP PATHWAY 


The respiratory breakdown of glucose 
to pyruvate follows a course now generally 
known as the EMP, or Embden-Meyerhof- 
Parnas, pathway, after three of the many 
biochemists who contributed to its elucida- 
tion, Gustav Georg Embden (1874-1933), 
Otto Meyerhof (1884-1951), and Jacob 
Karo] Parnas (1884-1949). Within a 
period of about 10 years following on 1914 
the essential features of the EMP pathway 
were established. The conversion of glu- 
cose to pyruvate via the EMP pathway is 
often referred to as glycolysis. 

The EMP pathway is common to the 
vast majority of living organisms, both 
plant and animal. It occurs chiefly in the 
soluble part of the cytoplasm, rather than 


being associated with mitochondria or 
other organelles. 

In the simplest terms, the EMP series 
of reactions may be summarized thus: 


CsHi20, ——> 2 CH;COCOOH + 4 H. 
glucose pyruvate 

The hydrogen atoms shown at the nght in 
this reaction are not released as gaseous 
hydrogen. Instead they react in pairs with 
NAD to form NAD.H:. Two molecules of 
ATP are also formed from ADP and phos- 
phate ion in this set of reactions. Taking 
into account the immediately related 
energy-converting reactions, the respiratory 
breakdown of glucose to pyruvate may 
therefore be summarized thus: 


CoHi205 + 2 ADP + 


glucose 


2 -H,PO; ++ 2 NAD —> 


phosphate ion 


2 CH;COCOOH + 2 ATP + 2 NAD.Hp. 
pyruvate 

The student should note that in this sum- 

mary the items ADP, ATP, NAD, and 

NAD.H are used for complex molecules, 

rather than being chemical formulas as 

such. 

A more detailed consideration of the 
EMP pathway from glucose to pyruvate 
(Fig. 30.2) shows the following reactions: 

l. A phosphate ion is substituted for a 
hydrogen ion at one point on the glu- 
cose molecule, forming  glucose-6- 
phosphate (Fig. 30.3). The 6 in glu- 
cose-6-phosphate refers to the position 
of the carbon atom to which the 
phosphate group is attached, follow- 
ing a standard scheme for numbering. 

The phosphate ion used here is ob- 

tained from ATP, which is thereby 

converted to ADP. Thus energy is re- 
quired in this first respiratory step, 
rather than being immediately re- 
leased; the pump must be primed. 

The phosphorylation of glucose, as 

this first step is called, is governed by 

an enzyme called hexokinase, which 
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EMP Glycolytic Sequence 





ATP ADP 


GLUCOSE ~> GLUCOSE-6- C) ——— FRUCTOSE -6- È) 
© ATP 


ADP 


FRUCTOSE-1-6- di (P) 


© 


© GLYCERALDEHYDE- 


PHOSPHO- 
3- PHOSPHATE 


DIHYDROXY- 
ACETONE 


© 


HYDRATED 
GLYCERALDEHYDE-3- PHOSPHATE 


ETHANOL LACTATE 


NAD 





NAD H, 


© 


1, 3-DIPHOSPHOGLYCERATE 


oK O T 
ATP 


PYRUVATE 
3- (P)-GLYCERATE 


ATP 
PHOSPHO-ENOL———— 2- (P)-GLYCERATE 
a1) PYRUVATE 


ADP 





ACETALDEHYDE 


Fig. 30.2 Reactions of the Embden-Meyerhof-Parnas pathway for respiratory breakdown 
of glucose to pyruvate, showing also the formation of ethyl alcohol and lactic acid in 


anaerobic respiration. (Adapted from Beevers.) 
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Fig. 30.3 Structure of pyruvate (left) and glu- 
cose-6-phosphate (right). 


requires among other things the pres- 
ence of free magnesium ions for its 
action. 

We may note at this point that 
glucose must be phosphorylated, at 
the expense of a molecule of ATP, 
before it can either be respired or 
combined into more complex com- 
pounds such as disaccharides or poly- 
saccharides. Less than half of the 
energy of the third phosphate bond 
of ATP is actually carried with the 
phosphate group that becomes at- 
tached to the glucose molecule; the 
rest is lost as heat. When the mole- 
cule is eventually dephosphorylated 
(ie, when it gives up its attached 
phosphate group), the remainder of 
the energy associated with the phos- 
phate bond is released. Since this 
cnergy 1s not enough to promote the 
formation of a new molecule of ATP, 
it is dissipated as heat. Thus the nec- 
essary phosphorylation of glucose 
leads eventually to the complete dis- 
sipation and loss of all the energy 
associated with the principal energy- 
rich phosphate bond of one molecule 
of ATP. 

Some of the glucose-6-phosphate is 
converted into fructose-6-phosphate 
through the action of an enzyme 
called phosphohexoisomerase. An 
equilibrium is established at about 70 
percent glucose-6-phosphate and 30 
percent fructose-6-phosphate. Both 
substances have the same chemical 
formula in terms of number of atoms 


of each kind, but the atoms are 
arranged somewhat differently. No 
significant change in energy balance 
occurs in step 2. The continuous re- 
moval of fructose-6-phosphate in the 
next step of the EMP pathway leads 
to a continuous conversion of glucose- 
6-phosphate to fructose-6-phosphate, 
maintaining the 70730 equilibrium. 
Another phosphate group is substi- 
tuted for a hydrogen ion on fructose- 
6-phosphate, forming fructose-1,6-di- 
phosphate. Like step 1, step 3 requires 
energy, the additional phosphate 
group being extracted from ATP. The 
specific enzyme required is called 
phosphofructokinase. 
Fructose-1,6-diphosphate is converted 
into two triose phosphate (3-carbon) 
units, one called glyceraldehyde-3- 
phosphate, the other phosphodihy- 
droxyacetone (keto triose phosphate). 
These have identical atomic com- 
ponents (3 carbon, 5 hydrogen, and 3 
oxygen atoms, plus a phosphate 
group), with slight differences in ar- 
rangement. ‘The enzyme aldolase cat- 
alyzes this readily reversible reaction, 
which involves no significant energy 
change. Aldolase also catalyzes certain 
other reactions in the cell. 

The enzyme triose phosphate isom- 
erase brings about an equilibrium 
between the two trioses, with typically 
about 3 percent of the triose in the 
aldehyde form. There is no significant 
energy change in this reaction. 
Glyceraldehyde-3-phosphate takes on 
a molecule of water, forming hydrated 
glyceraldehyde-3-phosphate. This re- 
action occurs spontaneously, without 
the intervention of an enzyme, and 
without significant energy change. 
Hydrated glyceraldehyde-3-phosphate 
is converted into 1,3-diphosphogly- 
ceric acid. This change involves the 
substitution of a phosphate group for 
a hydrogen atom, and the transfer of 
a pair of reactive hydrogen atoms to 


NAD, forming NAD.Hg. This is the 
first energy-releasing step in the break- 
down of glucose to pyruvate. ‘The use 
of NAD.H: shown in steps 13 and 14 
of Fig. 30.2 is only one of several 
possibilities. We shall see that one 
molecule of NAD.He can govern the 
conversion of 3 molecules of ADP 
and phosphate ion into ATP. Since 
each of the two trioses formed from 
glucose governs the formation of one 
molecule of NAD.He, wc have at this 
point a potential formation of 6 ATP 
for each glucose molecule. Against 
this must be charged the 2 molecules 
of ATP required in the early stages of 
the EMP pathway. Thus we have a 
potential net production of 4 ATP 
per molecule of glucose, up to this 
point. Reaction 7 is catalyzed by an 
enzyme called glyceraldehyde phos- 
phate dehydrogenase. 

In some plants under certain cir- 
cumstances another kind of glyceral- 
dehyde phosphate dehydrogenase 
catalyzes the formation of 3-phospho- 
glyceric acid from hydrated glyceral- 
dehyde-3-phosphate. In this process a 
pair of reactive hydrogen atoms are 
passed to NADP rather than to 
NAD, forming NADP.Hg. Step 8 is 
bypassed in this reaction, which 1s 
therefore less efficient energetically 
than the more common route. 
1,3-diphosphoglyceric acid is changed 
to 3-phosphoglyceric acid, the other 
phosphate group being transferred to 
a molecule of ADP, forming ATP. 
Here again we have a net transfer of 
energy from the EMP pathway into 
the general metabolic system. A hy- 
drogen ion is taken on from the solu- 
tion in reaction 8, replacing the phos- 
phate group which is transfcrred to 
ADP. The enzyme responsible for re- 
action 8 is called phosphoglycerate 
kinase. 

The phosphate group of 3-phospho- 
glyceric acid is moved to the 2 posi- 
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tion by an enzyme called phospho- 

glyceromutase. No significant energy 

change occurs here. 

10. The enzyme enolase, acting in the 
presence of magnesium ions, converts 
2-phosphoglyceric acid into phospho- 
enol-pyruvate, releasing a molccule of 
water in the process. No significant 
energy change occurs here. 

11. The final step is the transfer of the 
phosphate group of phospho-enol- 
pyruvate to a molecule of ADP, form- 
ing ATP and pyruvate. This reaction 
is catalyzed by the enzyme pyruvate 
kinase, acting in the presence of mag- 
nesium and potassium ions. The phos- 
phate group that is transferred to 
ADP is in effect replaced by a hydro- 
gen ion taken on from the solution. 
Thus the number of hydrogen ions 
takcn on in steps 8 and 11 balances 
the number liberated in steps 1, 3, 
and 7. 

The 11 consecutive reactions of the 
EMP pathway lead to the breakdown of 
glucose to pyruvate, and the formation of 
2 ATP and 2 NAD.Hbs. Since each mole- 
cule of NAD.Hp can govern the formation 
of 3 molecules of ATP from ADP and 
phosphate ion, we have a net potential 
formation of 8 molecules of ATP for every 
molecule of glucose converted into pyr- 
uvate. The actual fate of the NAD.Ho 
formed in the EMP pathway is discussed 
in a subsequent paragraph under the head- 
ing Energy Relations in the EMP Pathway 
and TCA Cycle. Reactions 12-14 in Figure 
30.2 are not a part of the EMP pathway 
and are discussed on a later page under the 
heading Anaerobic Respiration. 


THE TCA CYCLE 


In most eukaryotes, including all the 
higher plants (Embryobionta) and higher 
animals, respiratory breakdown of pyruvate 
occurs chiefly within the mitochondria by 
a cyclic pathway variously known as the 
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citric acid cycle, the tricarboxylic acid 
cycle, the TCA cycle, or the Krebs cycle, 
after Sir Hans Adolf Krebs (1900- ) 
(Fig. 30.4), German (later British) bio- 
chemist who proposed its basic features in 
1937. Many prokaryotes (bacteria and blue- 
green algae) also have the TCA cycle, even 
though they lack mitochondria, but some 
of them do not have all of the necessary 
enzymes. 

The TCA cycle, in combination with 
the closely linked cytochrome system, 
causes the complete oxidation of pyruvate 
to form water and carbon dioxide. Free 
oxygen is required, and energy is liberated. 
Much of the energy is transferred into 
ATP, but some of it is lost as heat. Fifteen 
molecules of ATP can be produced from 
ADP and phosphate ion through the res- 
piration of one molecule of pyruvate by 
the TCA cycle and the associated cyto- 
chrome system. 

The successive reactions of the TCA 
cycle (Fig. 30.5) may be outlined as 
follows: 

l. Pyruvate, a 3-carbon compound, is 
broken down to a 2-carbon (acetyl) 
compound that is attached to Coen- 
zyme A (Fig. 30.1), forming acetyl- 





GE ORS, : p=] 
Fig. 30.4 Sir Hans Adolf Krebs (1900- ), who 
elucidated the TCA cycle. 


CoA. In the process a molecule of 
CO» is released, a molecule of water 
is taken on, a phosphate ion is at- 
tached to ADP (forming ATP), and 
a pair of reactive hydrogen atoms are 
transferred to NAD, forming 
NAD.Hs. Coenzyme A is a complex 
substance, chemically related to the 
nucleotides, which takes part in a 
number of metabolic reactions, espe- 
cially some of those involving acetate. 
This “first step” in the TCA cycle is 
actually a series of several reactions 
forming two small cycles which can 
collectively be considered as one unit 
in the larger TCA cycle. Several 
enzymes, forming what is called an 
oxidative decarboxylation system, are 
required. 

Acetyl-CoA reacts with oxalacetate (a 
4-carbon compound), forming citrate 
(a 6-carbon compound) and releasing 
CoA. The CoA is immediately avail- 
able to be used again in step 1 or in 
some other reaction. One ATP sup- 
plies the necessary energy for step 2, 
being converted into ADP and phos- 
phate ion in the process. The requisite 
enzyme is called citrate synthetase. 
Citrate gives up a molecule of water 
to form cis-aconitate, another 6-car- 
bon compound. No significant energy 
change occurs in this step. The en- 
zyme aconitasc catalyzes this reaction 
and also the next. 

Cis-aconitate takes on a molecule of 
watcr to form isocitrate, a 6carbon 
compound which has the same com- 
ponents as citrate, but with the atoms 
differently arranged. No significant 
energy change occurs in step 4. 
Isocitrate is changed to oxalosucci- 
nate, another 6-carbon compound, and 
another pair of reactive, energy-bear- 
ing hydrogen atoms are transferred to 
NAD, forming NAD.H2. The requi- 
site enzyme is called isocitrate dehy- 
drogenase. 

Oxalosuccinate is changed to a-keto- 
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Fig. 30.5 Reactions of the TCA cycle for respiratory breakdown of pyruvate. (Adapted 
from Beevers.) 


glutarate, a 5-carbon compound, and 
a molecule of carbon dioxide is re- 
leased in the process. The responsible 
enzyme is oxalosuceinate decarbox- 
ylase, acting in the presence of man- 
ganese ions. 


o-keto-glutarate reacts with Coenzyme 
A to form succinyl- -CoA, the succinyl 
part of which is a 4-carbon com- 
pound. A molecule of carbon dioxide 
is produced in the formation of suc- 
cinyl-CoA, a molecule of water is 
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taken on, and another pair of reactive 
hydrogen atoms are transferred to 
NAD, forming NAD.He. An oxida- 
tive decarboxylation system similar to 
that in step 1 governs the set of reae- 
tions in step 7. 

Suecinyl-CoA releases succinate (an- 
other 4-carbon compound) and CoA. 
The CoA is immediately available 
again for either of its two reactions in 
the TCA cycle, or for other uses. A 
molecule of ATP is formed from 
ADP and phosphate ion in step 8, 
through the intervention of another 
phosphate carrier called guanosine di- 
phosphate (GDP). The breakdown 
of succinyl-CoA to suceinate and 
CoA releases energy which is used to 
attach a phosphate ion to GDP, form- 
ing GTP. The phosphate group is 
then transferred from GTP to ADP, 
forming ATP. The enzyme governing 
step 8 is ealled succinyl CoA syn- 
thetase. 

Succinate forms fumarate, another 4- 
carbon compound, and releases an- 
other pair of reactive hydrogen atoms, 
which are fed directly into the eyto- 
chrome system (discussed in subse- 
quent paragraphs) instead of being 
transferred to NAD. The requisite 
enzyme is ealled succinate dehydrog- 
enase. 

Fumarate forms malate, another 4- 
carbon compound, taking on a mole- 
cule of water in the proeess. The gov- 
erning enzyme is called fumarase. No 
significant energy change occurs in 
this step. 

Malate gives rise to oxalacetate and 
releases two more hydrogen atoms (to 
form more NAD.H,) in the process. 
The oxalacetate, in turn, is ready to 
react with another molecule of acetyl- 
CoA (fed in from the first step in the 
breakdown of pyruvate), completing 
the cycle. The requisite enzyme is 
called malate dehydrogenase. 


It will be seen that the oxidation of 
one molecule of pyruvate, which contains 
only 4 hydrogen atoms, results in the re- 
lease of 5 pairs (10 atoms in all) of re- 
active, energy-bearing hydrogen atoms. The 
six additional atoms of hydrogen 
(4 + 6== 10) come from the three addi- 
tional molecules of water which arc taken 
on in steps l, 7, and 10 of the cycle. The 
5 pairs of hydrogen atoms released in one 
round of the TCA cycle react eventually 
(after going through the cytochrome sys- 
tem) with 5 atoms of oxygen, forming 5 
molecules of water. Thus, with 3 molecules 
of water used and 5 produced, the oxida- 
tion of a molecule of pyruvate results in 
the net production of 2 molecules of water. 
We have seen that 3 molecules of carbon 
dioxide are also produced in the TCA 
cycle. The series of reactions might be 
summarized as 


CH;COCOOH + 3 H2O + 
pyruvate 21/2 O: —— 


3 CO, + 5 H2O + energy. Altogether the 


energy thus released from one molecule of 
pyruvate can aecount for the formation 
of 15 ATP from ADP and phosphate ion. 

Although the primary function of the 
TCA cycle is evidently the respiratory 
breakdown of pyruvate, a number of other 
substances can also be fed into the cycle at 
appropriate points and respired. Most im- 
portantly, acetyl-CoA formed in the pre- 
liminary breakdown of fatty acids (the 
fatty-acid spiral, discussed on p. 586) can 
be fed in at step 2. Several amino acids 
can also be introduced into the TCA cycle. 
Thus, glutamic acid can be converted to 
a-keto-glutarate, which is formed in step 6 
and used in step 7 of the cycle, and as- 
partic acid is interconvertible with oxalace- 
tate, which is formed in step 11 and used 
in step 2 of the cycle. 

Intermediate products of the TCA 
cycle may also be diverted into other meta- 
bolic processes. Glutamic acid, one of the 


essential amino acids, is made from a-keto- 
glutarate. Isocitrate can be enzymatically 
split to yield succinate and glyoxylate. The 
essential amino acids glycine and serine, 
as well as some other important meta- 
bolities, are made from glyoxylate. Acetyl- 
CoA is a source of acetate, the building 
block for fats and some other protoplasmic 
constituents. Succinate is a necessary sub- 
strate for the formation of pyrrolic com- 
pounds, including cytochrome and chloro- 
phyll. Citrate, malate, and fumarate also 
have other metabolie uses. Thus the fate 
of any particular molecule of pyruvate en- 
tering the TCA cycle depends on the cir- 
cumstances. It is not irretrievably con- 
signed to being converted then and there 
into water and carbon dioxide. 

Diversion of TCA-cycle products to 
other uses will of course break the cycle 
and prevent further inflow of pyruvate, un- 
less the supply of one or another of the 
requisite acids is replenished from some 
other source. One such possible source in 
some lower organisms and in certain tis- 
sues of higher plants is the glyoxylate cycle, 
discussed on a subsequcnt page, which 
leads to the accumulation of malate. More 
importantly, there are several mechanisms 
by which free carbon dioxide is incorpo- 
rated into compounds convertible into one 
or another of the TCA-cyele acids. For ex- 
ample, phospho-enol-pyruvate, one of the 
late products in the EMP pathway, may 
react with CO: to form oxalacetate, gov- 
erning the formation of one ATP (or re- 
leasing one phosphate ion into solution) 
in the process. This conversion of phospho- 
enol-pyruvate to oxalacetate may be the 
principal source of replenishment for TCA- 
cycle acids. Pyruvate may also take on 
CO, to form malate, using NAD.H; as the 
source of the necessary hydrogen. All such 
reactions of course require the participation 
of appropriate enzymes. 

The TCA cycle, leading to the pro- 
duction of NAD.He as a primary carrier of 
energy, is obligately linked (in eukaryotes) 
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to the cytochrome system, which transfers 
much of that energy into the high-energy 
phosphate bond of ATP. The rate of the 
series of reactions depends heavily on the 
availability of ADP and phosphate ion. 
Thus there is a built-in tendency toward 
self-regulation of the rate of respiration. 
When ATP is being used rapidly, the sup- 
ply of ADP builds up, encouraging the oxi- 
dation of more pyruvate and the produc- 
tion of more NAD.Ha, which (through the 
action of the cytochrome system) replen- 
ishcs the supply of ATP at the expense of 
ADP and phosphate ions. When the use 
of ATP slackens, the rate of ADP forma- 
tion diminishes, and respiration slows 
down. 

The linkage of the TCA cycle to the 
cytochrome system is, however, less than 
perfect, and the self-regulation of the rate 
of respiration is therefore more complex 
than the foregoing paragraph might sug- 
gest. We shall see in the discussion of the 
pentose-phosphate cycle that thcre is a 
mechanism for transferring NAD.He into 
and out of the mitochondria. In this as 
in other aspects of metabolism, the cross- 
connecting influences, checks, and balances 
are wondrously complex. 


THE CYTOCHROME SYSTEM 


The pairs of reactive hydrogen atoms 
released in the TCA cycle bear the major 
part of the cnergy released in the process. 
With the exception of the pair released in 
the modification of succinate to fumarate, 
these hydrogen atoms typically react im- 
mediately with NAD, forming NAD.He. 
Through the activity of the cytochrome 
system these hydrogen atoms are then 
passed from one compound to another un- 
til they finally unite with oxygen to form 
water. At specified points along the way, 
portions of their energy are used to govern 
the formation of ATP from ADP and 
phosphate ion. It appears that each pair of 
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hydrogen atoms can account for the forma- 
tion of 3 molecules of ATP in passing 
through the cytochrome system. 

We have noted that the reactive hy- 
drogen atoms released in the TCA cycle 
react immediately with NAD to form 
NAD.H»2. NAD.H2, in turn, gives up its 
traveling hydrogen to the cytochrome sys- 
tem of enzymes, still within the mitochon- 
dria. For technical reasons biochemists find 
it convenient to think in terms of thc trans- 
fer of electrons, rather than hydrogen 
atoms, through the cytochrome system, 
but it is the electrons associated with hy- 
drogen that they are thinking about. Fur- 
thermore, they find it useful to think of 
the electrons as going through the system 
in pairs. Nevertheless, these electrons are 
associated with hydrogen atoms when they 
enter the system, and they are still associ- 
ated with hydrogen atoms when they leave 
it. After passing through the cytochrome 
system, the hydrogen atoms (each with its 
attached electron) react immediately with 
oxygen to form water. 

The electron pathway from NAD.He 
to water appears to be NAD.H, —> 
flavoprotein —— ubiquinone —> cyto- 
chrome b —> cytochrome cı —> cyto- 
chrome c —> cytochrome a —> cyto- 
chrome a3 (cytochrome oxidase) ——> 
water. There may also be one or more still 
unidentified components in the senes. 
Each successive step in the series involves 
a reduction in the energy level of the 
traveling electrons. Three of the steps in- 
volve relatively large changes in energy, and 
at each of these steps the pair of electrons 
promote the formation of a molecule of 
ATP from ADP and phosphate ion. These 
are the steps from NAD.He to flavoprotein, 
from cytochrome b to cytochrome c, and 
from cytochrome a through cytochrome ag 
to water. The precise mechanism by which 
these traveling pairs of electrons govern the 
formation of ATP is still (1970) unknown. 

About 60 percent of the energy asso- 
ciated with the pair of hydrogen atoms of 
NAD.H;: is transferred into ATP via the 


cytochrome system. The remaining 40 per- 
cent is lost as heat during the transfer. 
We noted in an earlier paragraph that 
the pair of hydrogen atoms released in the 
formation of fumarate from succinate are 
fed more directly into the cytochrome sys- 
tem, rather than being delivered to NAD. 
Ubiquinone appears to be the primary ac- 
ceptor. Only two molecules of ATP are 
produced by the passage of this pair of 
hydrogen atoms (or electrons) through the 
cytochrome system. Presumably the pro- 
duction of 2 ATP instead of 3 reflects the 
fact that the early part of the cytochrome 
system has been bypassed, and one of the 
ATP-yielding steps therefore missed. 


ENERGY RELATIONS IN THE EMP 
PATHWAY AND TCA CYCLE 


A little more than one-sixth of the 
energy stored in glucose is released in 
breaking it down to pyruvate. Nearly all of 
this energy is transferred into ATP and 
NAD.He, with very little being lost in the 
first instance as heat. Each molecule of 
glucose can yield a net of 2 ATP and 2 
NAD.H: in being broken down to pyr- 
uvate. About three-fifths of the energy 
stored in NAD.He is potentially transfer- 
able into ATP (3 ATP for each NAD.Hg) 
via the activity of the cytochrome system. 
Thus there is a net potential release of 8 
ATP in the breakdown of one molecule of 
glucose to pyruvate. 

In more formal thermodynamic terms, 
each mole (gram molecular weight) of 
NAD.H:, has about 52,000 calories of 
stored energy associated with the pair of 
reactive hydrogen atoms. In each mole of 
ATP the bond attaching the third phos- 
phate group represents about 10,000 cal- 
ories.* ‘Thus in the formation of 3 moles of 


1 One calorie is the amount of energy re- 
quired to raise the temperature of 1 gram of water 
by 1 degree centigrade, under certain specified con- 
ditions. The calories referred to by human nutri- 
tionists represent 1000 of these unitary calories and 
are properly called kilocalories. 


ATP through the action of one mole of 
NAD.Hp, about 30,000 calories are trans- 
ferred into ATP and about 22,000 calories 
escape as heat. 

The free (chemically stored) energy 
of glucose is calculated at about 674,000 
calories per mole. About 124,000 calories 
are transferred into NAD.H» (2 moles at 
52,000 each) and ATP (2 moles at 10,000 
each) in the breakdown of glucose to pyr- 
uvate via the EMP pathway. With the ulti- 
mate formation of 3 ATP by each 
NAD.He, we get 8 moles of ATP in all, 
representing a potential 80,000 calories of 
useful metabolic energy from the 124,000 
calories released. 

Breakdown of pyruvate in the TCA 
cycle yields another 15 ATP per molecule. 
Each of the 5 pairs of hydrogen atoms re- 
leased in one turn of the cycle can result 
eventually in the formation of 3 ATP, ex- 
cept the pair released in the transformation 
of succinate to fumarate, which are de- 
livered to ubiquinone and govern the for- 
mation of only 2 ATP. That accounts for 
14 ATP. The 15th is formed, via the inter- 
vention of GDP (guanosine diphosphate) 
in the transformation of succinyl-CoA to 
succinate. One ATP is used in the early 
part of the TCA cycle, and one is formed 
in the next step, so that these two cancel 
out of the balance. 

Eight ATP from the breakdown of 
glucose to pyruvate, plus 15 from each of 
the two pyruvate molecules, gives a total of 
38 ATP for each molecule of glucose that 
is completely respired to CO% and H20. Ex- 
perimental efforts to measure ATP produc- 
tion in respiration have yielded figures as 
high as 36 ATP per molecule of glucose, 
thus approaching the theoretically proper 
number. Inasmuch as some ATP is almost 
certainly lost in the course of the experi- 
ment before it can be measured, the experi- 
mental results are in essential harmony 
with the theoretical calculations. 

Thirty-eight ATP at 10,000 calories 
per mole, represent 380,000 calories for 
each mole of glucose. We have noted that 
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the free energy of glucose is about 674,000 
calorics per mole. Thus a little over half 
(about 56 percent) of the free energy of 
glucose may be converted into ATP during 
typical respiration. The rest is lost as heat. 

These figures do not take account of 
some minor complicating factors and are 
thus a bit oversimplified. The NAD.H2 
produced in the formation of pyruvate 
from glucose may not all go through the 
cytochrome system to produce ATP. Some 
of its energy may be more directly trans- 
ferred into various metabolic processes, and 
at least under some conditions a good deal 
of it is probably lost as heat. Even some of 
the NAD.H: produced in the TCA cycle 
may under some circumstances escape in- 
directly into the soluble part of the cyto- 
plasm. The figure of 10,000 calories per 
mole of ATP is itself only a rough approxi- 
mation. It is therefore probably safer to say 
that about half of the free energy of glu- 
cose 1s transferred into ATP and similar 
compounds that provide energy for various 
metabolic processes.‘ 


RESPIRATION OF FATS 


Fats can be partly or completely re- 
spired, yielding metabolic energy in the 
form of NAD.Hg, and eventually ATP. The 
first step is the digestion of fat to form 
glycerol and fatty acids. This is a hydro- 
lytic process which uses up 3 molecules of 
water per molecule of fat (see Chapter 2). 
A small amount of energy is liberated in 
this process, but not enough to gencrate 
any ATP; instead the energy is lost as heat. 

Glyccrol and fatty acids follow sepa- 
rate paths of respiratory breakdown, each 
leading to the formation of compounds 
which can either be fed into the TCA 
cycle or (in plants) converted into sucrose. 

Glycerol is successively converted into 
glycerol phosphate and triose phosphate. 
The first of these steps requires the energy 
from one ATP. The second step releases 
one pair of reactive hydrogen atoms to 
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form NAD.H.. Since each NAD.He can 
govern the formation of 3 ATP, there is a 
net potential yield of 2 ATP in the con- 
version of glycerol to triose phosphate. ‘The 
triose phosphate can either be synthesized 
into sucrose, or converted into pyruvate 
and fed into the TCA cycle. 

Fatty acids are progressively broken 
down, in a complex series of reactions 
known as the fatty-acid spiral, to yield 
acetyl-CoA. The acetyl-CoA can either be 
fed directly into the TCA cycle or used as 
building blocks for other protoplasmic ma- 
terials. In fatty seeds, and perhaps in other 
plant tissues, it can also be converted in 
considerable part into sucrose, through a 
series of processes beginning with the 
glvoxalate cycle, discussed on a later page. 
Animals, on the other hand, or at least the 
higher animals, lack an efficient means of 
converting acetyl-CoA into sucrose. 

In the fatty-acid spiral, carbon is de- 
tached from the fatty-acid chain in two- 
carbon units and combined with CoA, 
forming acetyl-CoA. CoA is the necessary 
primer for the first step in the spiral. A 
separate enzyme is required for each step. 
After the first pair of carbon atoms has 
Eon detached from the fatty acid, the 
remainder of the fatty-acid molecule, now 
bearing also its own newly acquired CoA, 
is fed back into the early part of the spiral. 
Another pair of carbon atoms is detached 
(and another molecule of acetyl-CoA 
formed) each time around, until the fatty 
acid has been completely converted into 
the acetyl part of acetyl-CoA. Attachment 
of the CoA to the fatty-acid chain requires 
the energy from one ATP, but the removal 
of each acetyl unit from the chain governs 
the formation of two NAD.H,; (convertible 
into 6 ATP), so that there is a net release 
of metabolically useful encrgy irto the 
system. 

The respiratory breakdown of fats to 
form triose phosphate and acetyl-CoA 
characteristically occurs in the mitochon- 
dna. The machinery of the TCA cycle is 


there immediately available to carry the 
respiratory process through to completion. 


THE GLYOXYLATE CYCLE 


We have seen that acetyl-CoA is a key 
product in the early part of the TCA cycle. 
Acetyl-CoA can also be passed into a re- 
lated series of reactions which yield some 
energy and lead to the accumulation of 
malate. Malate is a 4-carbon compound 
which is an intermediate in the TCA cycle 
and is also used as building blocks for some 
more complex substances in the cell. As we 
shall see in the section on the pentose- 
phosphate cycle, it also plays a key role in 
transporting the energy of NAD.Hg2 out of 
and into the mitochondna. The series of 
reactions leading from acetyl-CoA to the 
accumulation of malate is known as the 
glyoxylate cycle. The glyoxylate cycle oc- 
curs in a number of microorganisms, and 
at least in certain tissues of higher plants, 
notably in germinating seeds that have a 
considerable supply of reserve fat. In these 
seeds, the glyoxylate cycle is linked to the 
subsequent conversion of malate into su- 
crose, which is readily transportable to the 
growing embryo. The glyoxylate cycle 
typically takes place in minute organelles 
called glvoxysomes or peroxisomes, which 
are further discussed in a subsequent para- 
graph under the heading Photorespiration. 

The glyoxylate cycle has some of the 
same steps as the TCA cycle, using the 
same enzymes. [he steps from acetyl-CoA 
to isocitrate, and from succinate to oxal- 
acetate, are the same in both cycles, The 
principal difference les in what happens to 
the isocitrate, a 6-carbon compound. In the 
TCA cycle the isocitrate is broken down 
(decarboxylated) in a series of energy- 
yielding steps to give succinate, a 4-carbon 
compound. In the glyoxylate cycle isoci- 
trate 1s broken down more directly to yield 
succinate and glyoxylate (a 2-carbon com- 
pound). Glyoxylate combines with addi- 





tional acetate (as acetyl-CoA) to form 
malate. Malate is also formed from suc- 
cinate via fumarate in the glyoxylate cycle, 
just as in the TCA cycle. In the glyoxylate 
cycle, the malate formed from succinate 
and fumarate is enough to keep the cycle 
going, and the malate formed from glyox- 
ylate and acetyl-CoA is available for other 
uses. It may be used directly, or it may first 
be converted into oxalacetate in an energy- 
yielding process comparable to that of the 
TCA cycle, according to the conditions in 
the cell at the time. 

Here as elsewhere it should of course 
be understood that molecules of a given 
kind are not branded and separately herded 
into different corrals. In order to keep track 
of balances, we distinguish in the glyox- 
ylate cycle between malate formed from 
succinate and malate formed from glyox- 
ylate and acetyl-CoA. The plant makes no 
such distinction. The important thing here 
is that the glyoxylate cycle leads to the ac- 
cumulation of malate and compounds 
formed from it. 

In the glyoxylate cycle, as in the TCA 
cycle, the steps from succinate to fumarate 
and from malate to oxalacctate yield 
energy in the form of pairs of reactive hy- 
drogen atoms which are transferred to 
NAD. 

In the fatty seeds mentioned above, 
malate is converted into oxalacetate, and 
oxalacetate is converted into phospho-enol- 
pyruvate. Then, by a reversal of the steps 
of the EMP pathway, phospho-enol- 
pyruvate is converted into glucose and 
finally sucrose. The conversion of oxalace- 
tate to phhospho-enol-pyruvate requires one 
ATP, and the conversion of phospho-enol- 
pyruvate to glucose requires energy in the 
amounts earlier indicated as being pro- 
duced in the EMP pathway. Thus the 
energy released in the conversion of acetyl- 
CoA to malate and then oxalacetate is 
largely used up again in the conversion of 
oxalacetate to sugar. The primary function 
of the glyoxylate cycle here is as a bridge 
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in the conversion of fat to sugar, rather 
than as a source of energy or TCA-cycle 
acids. 


PHOTORESPIRATION 


It has been known for many years that 
under conditions of very rapid photosyn- 
thesis much of the photosynthate is im- 
mediately reconverted into carbon dioxide 
and water, without a comparable output of 
metabolically useful energy. This process 
of destruction of photosynthate has been 
called photorespiration. Oxygen is used, 
and carbon dioxide and water are pro- 
duced. The nature and significance of 
photorespiration are only now beginning to 
become clear. 

It is now established that photorespir- 
ation occurs in the peroxisomes (glyox- 
ysomes) and that its principal substrate is 
glycolate (CH,OHCOOH), a 2-carbon 
organic acid. The photosynthetic bacteria 
do not produce glycolate, but nearly all 
plants with System II photosynthesis divert 
some part of their photosynthetic energy 
into the production of glycolate. 

Peroxisomes (Fig. 30.6) have several 
interrelated functions, notably the glyox- 
ylate cycle and the destruction of hydrogen 
peroxide, in addition to photorespiration. 
The very name peroxisome refers to the 
destruction of peroxide, which is fostered 
by the enzyme catalase within these bodies. 
As a result of a complex series of steps in 
which glyoxylate is an important inter- 
mediate product, about half of the gly- 
colate that enters the peroxisome is 
oxidized to form carbon dioxide and wa- 
ter, taking up the oxygen that 1s released 
in the breakdown of hydrogen peroxide. 
No ATP is formed in this process; the en- 
ergy is merely dissipated as heat. The other 
half of the glycolate is converted through 
successive reactions into metabolically use- 
ful products such as glycine. Glycine is a 
simple amino acid which differs from gly- 
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Fig. 30.6 Peroxisomes in tobacco, containing catalase in crystalline form. Catalase 
governs the breakdown of hydrogen peroxide to water and oxygen. (X50,000.) (Elec- 


tron micrograph courtesy of T. E. Jensen and J. G. Valdovinos, from Chromosoma 77:306. 


1967; copyright by Springer-Verlag, Berlin-Heidelberg-New York.) 


colate only in that an amine (NH:) group 
is substituted for the OH group on one of 
the carbon atoms, as shown in Fig. 30.7. 

It has recently been suggested by the 
Belgian biologist Christian René DeDuve 
(1917- ) that the function of the 
photorespiration of glycolate in the peroxi- 
somes is to take up the oxygen released 
from hydrogen peroxide. From an evo- 
lutionary standpoint, we see that primi- 
tive plants lived in an atmosphere with 


little or no free oxygen, and their metabol- 
ic system was adapted to such conditions. 
The introduction of System II photosyn- 
thesis, with its concomitant production of 
oxygen, drastically altered the internal 
milieu of the plant cell. The free oxygen 
released into the cell was indeed poisonous 
to the protoplasm, especially in causing the 
formation of hydrogen peroxide, an oxidiz- 
ing agent which promotes oxidative des- 
truction of the protoplasm. Apparently the 


eu 
OH 5 N A 
| | y 
H— C—C H—C—c 
\ | \ 
H OH H OH 


Fig. 30.7 Structure of glycolate (left) and gly- 
cine (right). 


evolutionary <nswer was to establish per- 
oxisomes to dispose of the hydrogen per- 
oxide, and to divert some of the energy of 
photosynthesis into the production of gly- 
colate, which could take up the oxygen re- 
leased from hydrogen peroxide within the 
peroxisomes. Even after some two to three 
billion years of adaptation, plants still can- 
net stand the high concentration of oxygen 
(and resulting hydrogen peroxide) pro- 
duced by rapid photosynthesis, and glyco- 
late must continue to be used in the per- 
oxisomes to use up the oxygen released 
from the peroxide. In apparent opposition 
or exception to this hypothesis, however, 
is the fact noted in Chapter 29 that some 
kinds of angiosperms which bypass the 
production of PGA in photosynthesis also 
have but littlc photorespiration. 

The balance among the several differ- 
ent activities within the peroxisomes differs 
in different kinds of plants, in different 
parts of the same plant, and in the same 
peroxisome according to the circumstances. 
The glyoxylate cycle can apparently pro- 
ceed in the absence of photorespiration 
and catalase activity, and the term glyox- 
ysome is sometimes used for some of these 
organelles instead of peroxisome. 


THE PENTOSE PHOSPHATE CYCLE 


A way of respiring glucose which by- 
passes both the EMP pathway and the 
TCA cycle is variously known as the pen- 
tose phosphate cycle, the pentose phos- 
phate pathway, or the pentose shunt. This 
system operates in the soluble part of the 
cytoplasm. 
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Glucose must first be converted into 
glucose-6-phosphate, just as in the EMP 
pathway, to provide the proper fuel for the 
pentose shunt. Then, through a complex 
series of reactions, a molecule of glucose-6- 
phosphate is broken down to yield a pen- 
tose phosphate (i.e., a 5-carbon, phosphor- 
ylated sugar), a molecule of carbon di- 
oxide, and a molecule of water. A molecule 
of oxygen is taken on in the process. 

The net yield of one molecule of 
water in the formation of pentose phos- 
phate actually reflects the uptake of one 
molecule of water and the formation of 
two others. Two pairs of hydrogen atoms 
are temporarily attached to NADP (or one 
pair to NADP and the other to NAD) on 
their way to reacting with oxygen to form 
water. ‘These traveling pairs of hydrogen 
atoms are the bearers of respiratory energy, 
which is in part passed on from NAD.H2 
and NADP.Hz2 into the general metabolic 
system. 

Six molecules of pentose phosphate, 
formed in the processes summarized above, 
can be converted in a subsequent series of 
reactions into 5 molecules of glucose-6- 
phosphate. No significant change in energy 
level occurs in this conversion. Thus in 
each turn of the cycle, one sixth of the 
glucose-6-phosphate which enters is re- 
spired to yield CO2, H:O, and energy, and 
the other five-sixths is recovered and can be 
run through the cycle again. T'he complete 
cycle may be summarized as follows: 


6 glucose-6-phosphate + 6 O: —> 
> glucose-6-phosphate + 6 H:O + 
6 CO, + energy 
(transferred through NADP.H: and 
NAD.He). 


Two molecules of NADP.H» (or one 
each of NADH: and NADP.H2) are 
formed in each turn of the pentose phos- 
phate cycle. Since it would, on balance, 
take six turns through the cycle to com- 
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plete the dissimilation of one molecule of 
glucose-6-phosphate, some 12 molecules of 
NADP.H. (or up to 6 molecules of 
NAD.He, the remainder in NADP.Hg) are 
obtained from the complete dissimilation 
of one molecule of glucose-6-phosphate. 

Much of the NADP.H, and NAD.He. 
formed in the pentose phosphate cycle 1s 
probably used directly in various reductive 
processes in the cell, rather than governing 
the formation of ATP. Howevcr, for pur- 
poses of comparison with the eombined 
EMP-TCA route of respiration, it may be 
noted that 12 molecules of NADP.He (or 
NAD.H2) can govern the formation of 36 
molecules of ATP (3 each). From this 
total must be subtracted the one ATP re- 
quired to form glucose-6-phosphate from 
glucose, giving a net potential yield of 35 
ATP for each molecule of glucose respired 
by the pentose phosphate cycle. This com- 
pares with a potential yield of 38 ATP 
from the EMP-TCA route. The two routes 
may therefore be considered roughly equiv- 
alent in the yield of useful energy. 

The proportion of glucose that is re- 
spired by the pentose phosphate cycle, as 
compared to the EMP-TCA route, varies 
with the kind of organism, the specific 
tissue and the circumstances. A number of 
anabolic processes in the cell require ample 
supplies of NADP.H2 or NAD.H:. The 
reducing power of these compounds, resid- 
ing in their highly labile pair of hydrogen 
atoms, permits them to foster some reac- 
tions that can not obtain the requisite 
energy from ATP alone. For example, the 
synthesis of fatty acids from acetate re- 
quires the removal of some of the oxygen 
from the acetate. This removal is accom- 
plished by a complex series of reactions 
which leads to the transfer of oxygen atoms 
into newly formed molecules of water and 
carbon dioxide, and the incorporation of 
hydrogen from NADP.H. and NAD.H, 
into the fatty acid. The conversion of 
nitrate (~NOs) ions into amino (~NH2) 
groups for incorporation into amino acids 


likewise requires NADP.H, and NAD.Hs. 
In some plant tissues under certain circum- 
stanees as much as a third of the hexose 
that is oxidized follows the pentose phos- 
phate cycle. In some animal tissues, such as 
actively secreting mammary glands, the 
proportion is even higher, amounting to 
well over one half. 

The fact that the pentose phosphate 
cycle opcrates in the soluble part of the 
cytoplasm may be correlated with several 
other facts. Although ADP and ATP pass 
readily through the mitochondrial mem- 
brane, NAD.H, and NADP.H2 do not; 
they must transfer their energy to other 
compounds to pass it through. The TCA 
cycle produces much more NAD.Hz, than 
NADP.Ho, whereas the pentose phosphate 
cycle produces more NADP.H, than 
NAD.Hs. NADP.H2 as well as NAD.H- 
is essential for necessary anabolic processes 
in the soluble part of the cytoplasm. Thus 
it is metabolically efficient to isolate the 
TCA cycle in specialized organelles (the 
mitochondria) where it can be closely 
linked to the cytochrome system for pro- 
ducing ATP, and to maintain the pentose 
phosphate cycle in the soluble part of the 
cytoplasm, where the NADP.H2 and 
NAD.H. that are produced are readily 
available for anabolic activities. 

By this time the student should not 
be surprised to find that there is also a 
cross-linkage between the pentose phos- 
phate cycle and the TCA cycle, so that 
each can to a considerable extent perform 
the functions of the other. NADP can be 
formed from NAD, cither inside or outside 
the mitochondria, by transferring a phos- 
phate group from ATP. The energy of 
NAD.H: can pass into or out of the mito- 
chondria by a system involving malate and 
oxalacetate. NAD.He reacts with oxalac- 
etate to form malate and NAD. Malate 
passes readily through the mitochondrial 
membrane. The reverse reaction, forming 
oxalacetate and NAD.H., can then be 
carried out. The oxalacetate passes readily 


back through the mitochondrial mem- 
brane, and can again react with NAD.H, 
to form malate. The malate-oxalacetate 
system acts as a two-way carrier of energy 
from NAD.H. into and out of the mito- 
chondria, the direction of net movement 
depending on the supply and demand. The 
only known way to convert the energy of 
NAD.Hz, into the energy of ATP requires 
the cytochrome system. The malate-oxal- 
acetate carrier system can deliver NAD.He 
produced in the soluble part of the cyto- 
plasm to the place within the mitochon- 
dna where it can negotiate the cytochrome 
system to producc ATP. The same malate- 
oxalacetate carrier system can deliver 
NAD.H, from the TCA cycle in the mito- 
chondrion to any neeessary place in the 
soluble part of the cytoplasm. We have 
already noted that malate and oxalacetate 
are also key products in the glyoxylate 
cycle. Thus these several respiratory pro- 
cesses, occurring in different parts of the 
cytoplasm, are bound into a common res- 
piratory system. 

One of the intermediate products in 
the conversion of 6 molecules of ribulose- 
5-phosphate into 5 molecules of glucose-6- 
phosphate is a triose phosphate called 
phosphoglyceraldehyde. Phosphoglyceralde- 
hyde is also an intermediate product in the 
EMP pathway from glucose to pyruvate. 
The EMP and pcntose phosphate routes 
are thus cross-linked at this point. Such 
cross-linkages between diffcrent metabolic 
processes, sometimes even between pro- 
cesses which are not closely related from 
the standpoint of the human observer, are 
the rule rather than the exception. For 
purposes of understanding we find it nec- 
essary to consider certain sequences of 
metabolic reactions as distinctive systems, 
but the plant is not bound by our mental 
organization. The subcellular organization 
of certain enzymes into package units in 
the mitochondria, chloroplasts, perox- 
isomes, and other organelles produces a 
statistical likelihood that somc kinds of 
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molecules will follow certain chemical 
courses under a given set of circumstances, 
but the circumstances are always changing 
and the fate of any individual molecule 
cannot be predicted in advance. 

So many researchers have contributed 
to the elucidation of the pentose phos- 
phate cycle that it is difficult and probably 
unfair to single out any one, or even sev- 
eral, as being primarily responsible. Even 
as the TCA cycle was being worked out in 
the 1930's, it began to be evident that glu- 
cose was also completely respired by some 
other route. Experimentation and thinking 
about the nature of this other route 
blossomed rapidly in the early 1950’s, and 
by 1955 the essential features of the pen- 
tose phosphate cycle had been discovered 
and integrated into a coherent scheme that 
soon became generally accepted. 


ANAEROBIC RESPIRATION 


Respiration which does not use free 
oxygen is called anaerobic respiration, in 
contrast to aerobic respiration. As noted in 
chapter 3, anaerobic respiration is always 
an incomplete respiration, releasing only 
part of the free energy of the substrate, and 
having among its end products something 
which can be further oxidized (at least in 
the laboratory) to yield additional energy. 

Most anaerobic respiratory processes 
follow the EMP pathway up to the pro- 
duction of pyruvate. In this respect anacr- 
obic respiration is similar to the most com- 
mon kind of aerobic respiration. The dif- 
ferences lie in what happens to the pyr- 
uvate. In aerobic respiration this is fed into 
the TCA cycle, in which free oxygen is 
used. In anaerobic respiration the pyruvate 
is disposed of in various ways, some of 
which yield a little more energy, while 
others use up some of the energy that had 
been liberated in the formation of the 
pyruvate. 

One of the most familiar anaerobic 
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respiratory processes is the fermentation of 
sugar by yeast to form ethyl alcohol and 
carbon dioxide. This proeess follows exactly 
the EMP pathway from glucose to pyr- 
uvate, but it does not couple the produc- 
tion of pyruvate to the TCA cyele. Instead 
the pyruvate is converted first to acetalde- 
hyde and then to ethyl alcohol, as shown in 
steps 12 and 13 of Fig. 30.1. A molecule of 
carbon dioxide is liberated in the conver- 
sion of pyruvate to acetaldehyde. This step 
is similar to thc first step in the TCA 
cycle, in that pyruvate is converted into an 
acetyl compound by the extraction of a 
molceule of carbon dioxide, but it uses a 
different enzyme, and does not use CoA. 
Two hydrogen atoms are then taken on 
from NAD.Hb, forming alcohol (ethanol) 
and liberating NAD. This step requires an 
input of energy (from NAD.Hə), bal- 
ancing an earlier step in the EMP path- 
way in which NAD.H, is produced. The 
net yield of metabolically useful energy in 
the anaerobic respiration of glucose to 
alcohol and CO, is thus only 2 ATP. (See 
summary of EMP reactions on p. 585.) 
This is barely more than 5 percent of the 
amount (38 ATP) that can be obtained by 
coupling the TCA cycle to the EMP 
pathway. 

The lactic acid bacteria also follow the 
EMP pathway in respiration, producing 
pyruvate. The pyruvate is then eonverted 
directly to lactic acid, under the influence 
of the enzyme lactic dehydrogenase. Two 
atoms of hydrogen are taken on from 
NAD.II, in this process, just as in the 
formation of alcohol from acetaldehyde. 
(see step 14 im Fig. 30.2.) Whe net yield 
of energy is again 2 ATP per molecule of 
glucose. 

Under conditions of oxygen shortage, 
plants which ordinarily respire pyruvate by 
the TCA cycle may temporarily convert it 
to ethyl alcohol or lactic acid, which can 
be accumulated in the system with less 
metabolic disruption than pyruvic acid. 


With the return of more normal supplies 
of oxygen, these temporary storage prod- 
ucts are convertcd back to pyruvate, 
which can be fed into the TCA cycle. 
Lactic acid is likewise formed as a tempor- 
ary storage product in mammalian muscles 
during hard exercise, when the immedi- 
ately available supply of oxygen is inade- 
quate to carry all of the pyruvate through 
the PCA cycle 

Under appropriate circumstances both 
alcohol and lactic acid can be fed into the 
TCA cycle by organisms which have the 
proper enzymes, but typical yeasts and the 
lactic acid bacteria do not have all the 
requisite enzymes of the TCA system. In 
man, ethyl alcohol is readily converted into 
acetate and sent into the TCA cycle. 
Methyl alcohol (wood alcohol), on the 
other hand, has only a single carbon atom 
and cannot be effectivcly respired by man 
or other eukaryotes. 

Many kinds of bacteria respire either 
aerobically or anaerobically, according to 
the availability of free oxygen. In general, 
they follow the EMP pathway as far as 
pyruvate, and then convert the pyruvate 
into alcohol, lactic acid, or other products, 
if there is not enough oxygen available to 
support the TCA cycle. 

Some kinds of bacteria, such as Clos- 
tridium, can break down pyruvate anaer- 
obically to yield acetyl phosphate, carbon 
dioxide, and free hydrogen. Another incre- 
ment of respiratory energy is passed into 
the metabolic system in the process. The 
cnd-products of this use of pyruvate are 
not fully oxidized, and the process there- 
fore compares very unfavorably with the 
TCA cycle as a source of metabolic energy. 
It does have the advantage of not requiring 
frec oxygen, which higher organisms re- 
quire. One species of Clostridium, C. bot- 
ulinum, is notorious as the cause of bot- 
ism. It produces an extremely potent 
nerve poison as a by-product of its protein 
mctabolism. 


CAVEAT 


The foregoing survey of some of the 
more important respiratory processes does 
not exhaust the possibilities. The bacteria, 
in particular, have a wide array of both 
aerobic and anaerobic respiratory processes 
beyond those discussed here. In the eu- 
karyotes, on the other hand, respiration is 
largely channeled into a relatively few 
pathways—those which have proven most 
efficient in the oxygen-rich milieu in which 
most eukaryotes live. 
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INTRODUCTION 







. some of these leaves 
characteristically produce sexual reprodue- 
tive structures, leading ultimately to the 
formation of seeds. A flower bud differs 
from an ordinary vegetative bud in the 
kind of leaves it produces, and in that its 
terminal growth is limited because the 
apical meristem either ceases to function 
or matures into some other kind of tissue. 
The floral leaves lack axillary buds, and 
the internodes of the flower always remain 
very short. 

Flowers are important to the plant be- 
cause of their essential role in the produc- 
tion of seeds. They are important to man 
for other reasons as well. Many of them 
are large and showy, causing the plants to 
be cultivated for ornament, although 
others are so small and inconspicuous that 
they would never be noticed by one not 
searching for them. Experience of taxono- 
mists during the past several centuries has 
shown that differenccs in the structure of 
the flower furnish some of the most relia- 
ble guides to identification and relation- 
ships in the angiosperms. Some of these 
differences used in classification are ob- 
viously important to the plant itself; 
others, although very uscful taxonomically, 
are of little or no apparent significance to 
the plant. 


INITIATION OF FLOWERS 


Most vegetative buds, if they remain 
active, sooner or later change into flower 
buds. Even the terminal bud of a rhizome 
is not always permanently vegetative; in 
Iris and many other rhizomatous plants, 
the terminal bud turns up into the air 
each year and eventually becomes a flower 
bud, the rhizome continuing to elongate 
by the development of an axillary bud. In 
many plants, such as tulips, all active buds 


sooner or later become flower buds, so that 
each stem is terminated by a flower or an 
inflorescence (cluster of flowers). In many 
other plants, some buds are permanently 
vegetative, and only certain buds, often in 
particular positions, become flower buds. 

The physiological factors which cause 
a vegetative bud to change into a flower 
bud are only partly understood. In soy- 
beans and some other kinds of plants, if 
one branch is exposed to a length of day 
favoring floral growth while the remainder 
of the plant has a length of day favoring 
vegetative growth, only the one branch 
will flower. If the leaves are stripped from 
the branch exposed to flower-inducing 
conditions, no flowers are produced; but if 
the leaves are stripped instead from the 
remainder of the plant, flowers develop on 
all the branches. The inference to be 
drawn is that the environmental condi- 
tions favoring vegetative growth, on the 
one hand, and floral growth, on the other, 
operate through two different, mutually 
antagonistic hormones produced in the 
leaves. 

In eoeklebur, on the other hand, ex- 
posure of one branch to flower-inducing 
conditions causes the whole plant to 
flower. It would seem that flower-inducing 
hormones are produced in cocklebur, but 
flower-inhibiting ones are not. 

The presumed hormones that induce 
plants to flower have been called florigens, 
but the chemical nature of florigen is still 
unknown. Gibberellin (see Chapter 33) 
promotes flowcring, but recent experimen- 
tal studies indicate that at least in some 
plants some additional hormone is also re- 
quired. The identity or identities of flori- 
gen(s) remain a mystery. 

In some kinds of plants, the internal 
factors governing the transformation of 
vegetative buds into flower buds are not 
much influenced by environmental condi- 
tions, so long as these permit growth to 
occur. The bud produces a more or less 
limited number of leaves and then changes 
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into a floral bud that produces a flower 
or an inflorescence. In many other kinds 
of plants, the duration of the vegetative 
period and the change from vegetative to 


floral growth can be markedly hastened or 


retarded by changing the environment. 


EFFECT OF THE PHOTOPERIOD 


The environmental factor that most 
often governs flowering is the length of 
day, or photoperiod. The effect of the 
photoperiod was first demonstrated by the 
American botanists W. W. Garner (1875— 
1956) and H. A. Allard (1880-1963) in 
1920, and later studies by these and other 
botanists have shown the general impor- 
tance of photoperiodism. In such studies, 
the natural day length is extended by arti- 
ficial light or shortened by covering the 
plants or placing them in a dark room. 
The supplemental light need not be very 
strong; in most cases 1/500 to 1/2000 of 
the light intensity of a bright summer day 
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Fig. 31.1 H. A. Allard (1880-1963 





is enough, and sometimes an intensity 
only a few times higher than that of 
bright moonlight is effective. 

Some plants are short-day plants, in 
which flowers are initiated as soon as the 
day length falls below a critical photo- 
period of usually about 12-14 hours. 
Short-day plants usually bloom in the fall 
or the spring. The flowers of spring-bloom- 
ing plants are often initiated in the fall, 
the buds remaining dormant over winter. 
Chrysanthemums, poinsettias, and violets 
are familiar short-day plants. Commercial 
growers of chrysanthemums carefully con- 
trol the effective day length for the plants, 
using black covering cloths or electric lights 
as necessary to bring them into flower on 
any chosen day of the year. Poinsettias and 
Easter lilies can be managed in the same 
way, but more often the temperature is 
controlled, under natural daylight, to pre- 
pare them for sale at the proper time. 

Long-day plants, such as lettuce, elo- 
ver, potatoes, and most grains, initiate and 








} | ), left, and W. W. Garner (1875-1956), right, American 
botanists, who discovered photoperiodism. (Courtesy of the U.S. Agricultural Research 
Service.) 
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Effect of the photoperiod. Above, lettuce, a long-day plant; below, scarlet sage 


Es 


(Salvia), a short-day plant. (Photographs courtesy of the Boyce Thompson Institute for 


Plant Research.) 


produce blossoms only when the day 
length is more than a critical period of 
usually about 12-14 hours. Under artificial 
conditions, long-day plants flower even 
when continuously illuminated, with no 
night. Long-day plants usually bloom in 
the summer. 

Intermediate-day plants, such as In- 


dian grass (Sorghastrum nutans) and some 
other grasses, bloom only when the day 
length is within a certain range, remain- 
ing vegetative if the day is too long or too 
short. Such plants have two critical photo- 
periods, an upper one and a lower one, 
rather than only one. 

Day-neutral plants, such as dande- 


598 INTRODUCTORY BOTANY 


lions, tomatoes, and cotton, bloom during 
a wide variety of day lengths. Like long- 
day plants, they actually have a critical 
photoperiod below which they will not 
flower, but this period is usually shorter 
than the day lengths which occur during 
the growing season. 

Short-day plants might pcrhaps better 
be called long-night plants, and long-day 
plants called short-night plants, because it 
is the length of the night, rather than the 
day, that is generally controlling. Short- 
day plants will flower under artificial con- 
ditions of long night, whether the day is 
long or short, and long-day plants will 
flower under artificial conditions of short 
night, regardless of the day length. The 
long night for short-day plants must be 
essentially continuous; interruptions of 
only a few minutes interfere with flower- 
ing. Street lights may also interfere. Long- 
day plants, on the other hand, may be 
induced to bloom by interrupting the 
night with a short period of illumination, 
even though the days remain short. 

Any photoperiodic cycle which in- 
duces initiation of flowers is called a 
photoinductive cycle. An 8-hour photo- 
period alternating with a 16-hour dark 
period, for example, is a photoinductive 
cycle for cockleburs. In some plants, a few 
successive photoinductive cycles act as a 
trip mechanism, which induces flowering 
even if the plant is thereafter subject only 
to nonphotoinductive cycles. Even a single 
photoinductive cycle eventually induces 
some flowering in cockleburs. In some 
other kinds of plants, as many as 25 photo- 
inductive cycles may be required for the 
initiation of flowers, and flower buds 
which have been formed may fail to ma- 
ture unless the photoinductive cycles are 
continued. Usually there is a more or less 
cumulative effect; one or a few photoin- 
ductive cycles may eventually cause some 
flowers to be produced, but the most vigor- 
ous and rapid flowering and fruiting occur 
when the photoinductive cycles are con- 
tinued without interruption. 






The distribution of some species is 
limited partly by their photoperiodic re- 
sponse. Short-day plants, for example, are 
not suited to arctic regions, in which the 
photoperiod during the growing scason is 
always relatively long. Species with a wide 
latitudinal distribution commonly show 
some variation in photoperiodic rcsponse 
in differcnt parts of their range, and often 
there is some variation even within a local 
area, so that some individuals bloom well 
before others. The same species may even 
include short-day, long-day, and interme- 
diate-day races. Cultivated crops often in- 
clude a number of races with different 
photoperiodic responses. If successive sow- 
ings of a single variety of a short-day plant 
are made at intervals during the season, 
they will all bloom at about the same 
time, regardless of the degree of vegetative 
development they have attained, but dif- 
ferent varieties may bloom at different 
times, even if sown at the same time and 
treated in the same way. 

Different stages in reproductive 
growth often have different photoperiodic 
requirements. In some short-day plants, 
the critical photoperiod is progressively 
shorter for the initiation of flower buds, 
the actual development of the flowers, and 
the setting of fruit; these are necessarily 
fall-blooming plants. Such differences em- 
phasize the complex and constantly chang- 
ing nature of the chemical balances which 
govern growth and reproduction. 

The effect of photoperiod on flower- 
ing comes through the action of light on 
a tetrapyrrolic pigment called phyto- 
chrome. The nature and effects of phyto- 
chrome are further discussed in Chapter 33. 


EFFECT OF TEMPERATURE 


p . Aside from the photoperiodic 
response, some plants flower only (or best) 
at relatively high temperatures, some at 
relatively low temperatures, and some at 





Fig. 31.3 Foxglove (Digitalis purpurea), a plant 
which requires exposure to cold for the initia- 
tion of flowers. The plant at the left was held 
continuously in a greenhouse; the plant at the 
right was removed to a dark room at 50°F each 
night from May 14 to September 30, then ex- 
posed to long days in a greenhouse. Pictures 
taken November 18, 1938. (Courtesy of the Boyce 
Thompson Institute for Plant Research.) 


intermediate temperatures, while others 
flower under a wide range of temperature 
conditions. The temperature of the night 
is often more important than that of the 
day. A regular cyclical variation, corre- 
sponding to the usual variation between 
day and night, is necessary in some plants. 
Blooming of lettuce, some species of phlox, 
and peppers is favored by high tempera- 
tures, whereas blooming of celery, beets, 
onions, and carrots 1s favored by low tem- 
peratures. Beets, which are ordinarily bi- 
ennial, may be induced to flower and set 
seed the first season by growing them at 
relatively low temperatures (10°-16°C, for 
some varieties). 

The photoperiodic response of plants 
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may be modified or even reversed by 
changes in temperature. In one experi- 
ment, Heavenly Blue morning-glory be- 
haved as a long-day plant at a night tem- 
perature of 13°C, as a short-day plant at 
a night temperature of 20°C, and as a day- 
neutral plant at a night temperature of 
18°C, 

The complex relationship between 
the effects of tempcrature and the photo- 
period points up the fact that environ- 
mental factors governing plant growth act 
by favoring certain chemical reactions in 
the protoplasm, at the expense of others. 
The behavior of the plant is determined by 
the chemical reactions which occur under 
a given set of environmental conditions. 
The cffect of a change in one environmen- 
tal factor may be reinforced, or dimin- 
ished, or overwhelmed by a change in 
some other factor. Under a particular set 
of conditions, a change in some one fac- 
tor may cause a change in behavior, but 
it is only a convenient oversimplification 
to say that a particular environmental fac- 
tor, by itself, causes some action or 
change. 


EFFECT OF OTHER FACTORS 


The effect on flowering of the ratio 
between available nitrogen and available 
phosphorus has been noted in Chapter 28. 
A relatively high proportion of phosphorus 
favors early change from vegetative to re- 
productive growth, whereas an excess of. 
nitrogen favors vigorous vegetative growth 
and delay or suppression of flowering and 
fruiting. 

A number of chemical compounds 
influence flowering when applied to the 
plant externally. Maleic hydrazide has a 
pronounced inhibitory effect. Acetylene 
and ethylene promote flowering in pine- 
apples and some other plants. Small 
amounts of indole-acetic acid promote 
flowering, at least in some plants, while 
larger amounts inhibit it. 2, 4-D, a herbi- 
cide that acts by disrupting the normal bal- 
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auce of growth regulating hormones, in- 
duccs flowering and early fruiting in many 
plants when used in small amounts. 

Many kinds of plants, such as pansies, 
produce more flowers, over a longer per- 
iod of time, if the old flowers are plucked 
off without being allowed to produce 
seed. Our understanding of the mecha- 
nism of this response is still very rudimen- 
tary. It is thought that the developing 
fruits may produce a growth-regulating 
substance which causes the meristematic 
tissues of the shoot to mature into non- 
meristematic tissues. The chemical nature 
of this growth-regulating substance is 
obscure. 


STRUCTURE OF FLOWERS 


THE FLORAL ORGANS 





| . The sepals are o 

outside, the petals next, the stamens next, 
and the carpels are in the center. One or 
more of these may be missing, but the 
order (in normal specimens) 1s invariable. 


The sepe 
floral leaves. 
greenish, and more or less leafy in texture. 
They cover and enclose the other UA 
parts betore the flower has opened, 


are the outermost set of 








The most common numbers of sepals 
are three, four, and five, but larger or 
smaller numbers occur, and some aee of 
flowers 
entirely. 








al. When there 














are five sepals, they are very often arranged 
in a % phyllotaxy, with an angle of diver- 
gence of about 144°. 

All the sepals collectively are called 
the calyx. Not infrequently the sepals are 
joined toward the base by their lateral 
margins, forming a calyx tube with termi- 
nal calyx lobes or calyx teeth. 

The*petals charactenistically form the 
second set of floral leaves, jus 
the sepals. 






sects and birds in transferring pollen is 
described on pp. 616-617. 


m a single cycle. In a few flowers the 
pial ane a direct continuation of the 
spiral of sepals, but much more often the 
two spirals are distinct and are offset so 
that the petals alternate with the sepals. 
All the petals are attached nearer to the 
center of the flower than are any of the 
sepals, but otherwise the sepals and petals 
alternate in position. 

All the petals are collectively called 
the corolla. The petals are typically sepa- 
rate from cach other and individually at- 
tached to the receptacle, forming a poly- 
petalous corolla, as in buttercups, roses, 
and magnolias. Often, however, they are 
laterally joined to each other, forming a 
sympetalous corolla with a basal corolla 
tube and terminal corolla lobes, as in 
petunias and snapdragons. Sometimes, as 
in morning-glories, the petals are so com- 
pletely joined that not even the tips are 
separate. 


If all the petals are about alike and ar- 
ranged in a radially symmetrical pattern, 
as is true in most flowers, the corolla is 
regular; if they differ among themselves 
the corolla is irregular. Irregular corollas 
may be sympetalous, as in snapdragons, or 
polypetalous, as in sweet peas. The calyx 





OVARY 
STAMEN 
PETAL 
SEPAL 





e D 


also may be irregular, but this situation is 
less common, and when a flower is said to 
be irregular, it is usually the corolla that is 
referred to. 

The corolla and the calyx are collec- 
tively called the perianth, and any perianth 
member is called a tepal. These terms are 
used especially when the perianth is not 
clearly differentiated into sepals and petals, 
or when the sepals and petals are much 
alike. When the perianth consists of only 
a single whorl, it is customary to call it a 
calyx and call its parts sepals, unless, by 
comparison with related species or genera, 
it is clear that the sepals have been lost and 
that the single remaining perianth whorl 
consists of petals. 

The stamens are in effect the male or- 
gans of the flower. Each stamen usually 
consists of a slender filament and a termi- 
nal anther. The anther usually consists of 
two pollen sacs, joined by a slender con- 
nective, which is merely a prolongation of 
the filament. The development and func- 
tion of the pollen, which is borne in the 
pollen sacs, are discussed on pp. 613-619. 
In some of the more primitive kinds of an- 
giosperms, the stamen is not divided into 
filament and anther, and the pollen sacs are 
embedded in the broad, petal-like blade of 
the stamen. 

All the stamens of a flower are collec- 
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Fig. 31.4 Characteristic types 
of flowers: A, B, hypogynous; 
C, perigynous; D, epigynous; 
E, epigynous with prolonged 
hypanthium; h., hypanthium; 


E r., receptacle. 


tively called the androecium (from Greek 
andros, man, and oikos, house). The num- 
ber of stamens per flower differs in different 
kinds of plants. In flowers such as butter- 
cups and wild roses, there are many sta- 
mens, and in buttercups it can fairly readily 
be seen that they form several turns of a 
close spiral. In many other flowers, there 
is only one whorl (or whorl-like spiral) of 
stamens, which alternate with the petals 
(although slightly farther toward the cen- 
ter of the flower). Or there may be two or 
more successive whorls of stamens, the 
members of each whorl alternating in po- 
sition with those of the next outer whorl. 
Thus the outermost whorl of stamens is 
alternate with the petals (and opposite the 
sepals), the next inner whorl is opposite 
the petals, and the third whorl is again 
alternate with the petals. In the relatively 
few kinds of flowers in which the outermost 
(or only) whorl of stamens is opposite the 
petals (e.g, primroses), it is believed that 
the original outermost whorl has been lost 
in the course of evolution. 

In sympetalous flowers the filaments 
are often joined with the corolla toward 
the base, so that they seem to arise from 
the corolla rather than directly from the 
receptacle. The stamens are then said to 
be epipetalous. More rarely the stamens 
of polypetalous flowers are also epipetalous. 
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Fig. 31.5 Fly honeysuckle (Lonicera canadensis). The flowers are sessile in pairs on the 
end of a common stalk; the corolla is sympetalous and irregular, with a prominent spur at 
the base; the stamens and style can be seen protruding from the corolla. (Photo courtesy 


of J. Arthur Herrick.) 


In many plants one or more of the 
stamens are modified in one way or another 
and lack functional anthers. Such a modi- 
fied stamen is called a staminode. In the 
commonest type of staminode, the fila- 
ment is expanded to form a petal-like blade; 
the extra petals of many “double” flowers, 
such as cultivated roses, are actually stam- 
inodes. 

Evidence from comparative morphol- 
ogy suggests that petals were not a part of 
the primitive angiospermous flower, but 
that they did originate early in the evolu- 
tionary history of the group, in two princi- 
pal ways: (1) as staminodes, and (2) by 
differentiation of the inner members of a 
previously undifferentiated perianth. Most 


presently existing plants with apetalous 
flowers (lacking petals), however, evidently 
had petaliferous ancestors. 

The carpels are in effect the female or- 
gans of the flower. In its most typical form, 
the carpel is a modified leaf, bearing a row 
of ovules along each edge, and folded 
lengthwise so that the ovules are enclosed 
rather than being exposed to the air. The 
development of the ovules into seeds is 
discussed on pp. 618-620. 

All the carpels of a flower are collec- 
tively called the gynoecium (from Greek 
gyné, woman, and oikos, house). The 
flower may have one to several or many 
carpels, and these may be separate from 
each other or joined together. Each carpéel 





The simplest situation is illustrated by 
peas and other legumes, in which the 
gynoecium consists of a single carpel 
folded together to form a simple pistil. 
If a pea pod is carefully opened along 
the seed-bearing suture and laid out flat, 
it can be seen that half the ovules (peas) 
are attached along one side, and half 
along the other. The suture which does 
not bear seed is the midrib of the carpcl. 

In some plants, especially members 
of the buttercup family and the rose fam- 
ily, the gynoecium consists of several or 
many separate carpels, each forming a sim- 
ple pistil containing one or more ovules. 
The pistils are individually attached to 
the receptacle, and separate from each 
other. In any flower with more than one 
pistil, the individual pistils are always 
simple (i.e. composed of a single carpel) 





pistils consist of two or three carpels, but 
four-carpellate and five-carpellate pistils 
are not uncommon, and in the mallows 
the pistil often consists of ten or more 
carpels. Tulips and other lilies have three- 
carpellate pistils. If three pea pods were 
joined together with the seed-bearing su- 
tures of all three juxtaposed, the result- 
ing compound structure would be com- 
parable to the three-chambered pistil of a 
tulip. 

A pistil of any kind is ordinarily dif- 
ferentiated into three externally visible 
parts, the ovary, style, and stigma. The 
ovary, at the base, contains the ovules. 
The stigma, which receives the pollen, is 
usually elevated above the ovary on a 
slender style. Sometimes there is no style, 
and thus the stigma is sessile at the top 
of the ovary. 

A simple pistil has only one style and 
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Fig. 31.6 Cross section of flower bud of lily: o., 
ovary; pe., petal; se., sepal; st., stamen. (Courtesy 
CCM: General Biological, Inc., Chicago.) 


one stigma. The carpels of a compound 
ovary may be separated at the top, so that 
the single ovary has several styles, each 
with its own stigma, or the single style 
has several stigmas. In many kinds of 
flowers with compound pistils, on the other 
hand, the carpels are so thoroughly joined 
that even the stigmas are fused into one. 
When there is more than one style or 
stigma, the number is usually a reliable 
guide to the number of carpels making up 
the pistil. 

An ovary may or may not be inter- 
nally subdivided into separate seed cavi- 
ties, called locules. Simple pistils and many 
compound pistils have only a single locule. 
Many other compound pistils have as 
many locules as carpels. The locules are 
sometimes called cells, but cells in this 
sense are not comparable to cells in the 
usual biological sense. 


PLACENTATION 


The tissue of the ovary to which the 
ovules are attached is called the placenta. 
The placentation, i.e., the position of the 
placentae, differs in different kinds of 
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plants. The most common types of placen- 
tation (Vig. 31.7) are marginal, parietal, 
axile, free-central, and basal. These types 
are described in the following paragraphs. 
Simple pistils usually have marginal 
or basal placentation. Pistils with marginal 
placentation typically have a single, long 
placenta running the length of the wall 
along one suture, as in peas and other 
legumes. This single marginal placenta is 
actually formed by the two joined margins 
of the carpel. Sometimes the marginal pla- 
centa 1s rather short and bears only one or 
two ovules. It is only a small step from this 
type of marginal placentation to basal pla- 
centation, with one or two ovules borne 
essentially at the base of the ovary. 





Fig. 31.7 Types of placentation: A, marginal; B, 
axile in a pistil with two or three carpels; C, D, 
parietal in a pistil with two or three carpels, the 
placentas intruded in C; E, free central, F, basal. 


Compound pistils are derived by 
fusion of two or more adjacent simple 
pistils. In the least modified condition, a 
compound ovary has as many loeules as 
carpels, and the placentae of the carpels 
are joined to form a central axis in the 
ovary. The ovary is said to have axile pla- 
centation, as in tulips and many other 
plants. Except in the mustard family, 
which has a highly modified carpellary 
structure, pistils with two or more locules 
practically always have axile placentation. 

Unilocular compound pistils are usu- 
ally derived by evolutionary modification 
from plunlocular ones. In primroses, carna- 
tions, and some other plants, the placenta 
remains as a central column, but the par- 
titions fail to develop, so that the ovary 
is unilocular. In such plants, the placenta 
generally does not reach the top of the 
ovary and is attached only at the base. 
The placentation is then said to be free- 
central. Basal placentation in a compound 
ovary is sometimes (as in buckwheat) de- 
rived from free-central placentation by re- 
ducing the central column to a mere basal 
nubbin. 

Parietal (along the wall) placentation 
is generally derived by modification from 
axile placentation. The partitions fail to 
reach the center of the ovary, so that no 
common central axis is established. The 
ovules are attached to the inner margin of 
each of the partial partitions, which extend 
part way from the outer wall toward the 
center. In the more extreme types of pa- 
nietal placentation, the partial partitions 
are reduced to mcre low ridges to which 
the ovules are attached, and the ovary is 
obviously unilocular. In a few kinds of 
plants parietal placentation seems to have 
becn achieved by fusion of previously un- 
scaled carpels along their margins. 

The term parietal placentation has 
often been used in a broad sense to cover 
marginal placentation (along the wall in a 
simple pistil) as well as typical parietal 
placentation (along the wall in a com- 


pound pistil) as here defined. In most spe- 
cies these two types are easily distinguished 
because there will be only one marginal 
placenta in an ovary, whereas there will be 
two or more parietal placentas, reflecting 
the presence of two or more carpels. The 
only difficulty comes in those species with 
an ancestrally compound pistil in which all 
but one of the carpels aborts, so that only 
one locule develops, and the basically axile 
placenta appears to be along one wall of 
the ovary. Regardless of how we classify 
plant structures to facilitate our own un- 
derstanding, the plants refuse to be bound 
by our classification. 


TYPES OF FLOWERS 


In flowers having the most typical 
structure, the sepals, petals, stamens, and 
carpels, although all very close together, 
are attached progressively farther toward 
the center and progressively higher on the 
receptacle. All the other parts are beneath 
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the ovary, which is central and terminal. 
Such a flower is hypogynous (Greek, be- 
neath -+ femalc), and the ovary is su- 
perior. 

In some kinds of flowers, such as 
cherry blossoms, the sepals, petals, and 
stamens are attached to the margin of a 
saucer-shaped or cup-shaped hypanthium 
which surrounds the ovary but is not at- 
tached to it. Such flowers (Fig. 31.8) are 
perigynous (Greek, around + female)(and 
the ovary is still superior) The margin of 
the hypanthium may rise above the ovary, 
but the ultimate attachment is beneath 
the ovary. Often the hypanthium is much 
like the sepals in texture, and probably it 
is properly to be considered as the more 
or less modified base of the calyx, to which 
the bases of the petals and stamens have 
become fused. 

In a third group of flowers, exempli- 
fied by apple blossoms, the sepals, petals, 
and stamens are attached at or near the 
tip of the ovary. Such flowers arc epigynous 


-# 


Fig. 31.8 Prunus (cherry) 
flower in long section. Note 
the well-developed, cup-like 
hypanthium; this flower is 
perigynous. (New York Bo- 
tanical Garden photo.) 
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(Greek, upon -++ female), and the ovary 
is inferior. Many kinds of epigynous 
flowcrs are derived from perigynous ones 
by fusion of the hypanthium with the 
ovary wall. Often the upper part of the 
hypanthium projects well beyond the top 
of the inferior ovary. In some other flowers, 
epigyny is thought to have bcen derived 
by submergence of the ovary in the en- 
larged receptacle. 

A flower which has all the ordinary 
parts, i.e., sepals, petals, stamens, and 
carpels, is said to be complete; if any of 
these parts is missing, it is incomplete. A 
flower which has both stamens and carpels 
is perfect, regardless of whether or not it 
has sepals and petals. Imperfect flowers 
are Staminate if they have stamens but no 
pistil, and pistillate if they have a pistil (or 
pistils) but no stamens. A few kinds of 
plants, such as the cultivated Hydrangea, 
have some of the flowers neutral, lacking 
both stamens and pistils. 

Monoccious (Greek, one household) 
plants, such as corn, have imperfect 
flowers, with both types borne on the same 
individual. An ear of corn is a group of 
pistillate flowers which lack a perianth. 
The individual corn grains are the ovaries, 
and the silk consists of the styles. The tas- 
sel of the corn plant is a group of staminate 
flowers. Dioecious (Greek, two households) 
plants, such as willows and cottonwoods, 
have imperfect flowers, with the two types 
borne on different individuals. 


NECTARIES 


Most flowers produce nectar, a sweet 
liquid gathered i insects or 


oth 







e nature of the nectaries differs in dif- 
ferent kinds of flowers. In buttercups and 
some other plants, the basal part of the 
petal is the nectary. In many other plants, 
the nectaries appear to be more or less re- 
duced and modified stamens, often form- 








ing a thickened rim just outside the base 
of the ovary. Parts of the ovary, reccptacle, 
sepals, or hypanthium may also be dif- 
ferentiated as nectaries. Some kinds of 
plants even have nectaries on ordinary 
leaves. 


INFLORESCENCES 





The shape, structure, and developmental 
sequence of inflorescences are almost 
infinitely variable, and no existing classifi- 
cation of them is even approximately 
satisfactory. Nevertheless, certain charac- 
teristic types occur repeatedly, and a large 
proportion of the kinds of inflorescences 
can be divided into two general groups on 
the basis of sequence of flowering. 
Inflorescences in which the 


e; those in which the 


| De determinate. These terms reflect the 
fact that many indeterminate inflores- 
cences continue to elongate for some time 
after the opening of the first flower, in 
contrast to determinate inflorescences in 
which elongation of the central axis tends 
to be limited by the development of the 
terminal flower. Determinate  inflores- 
cences may also be described as centrifu- 
gal, in contrast to indeterminate inflores- 
cences, which are centripetal. 
The basic type of inde 
florescence is the 








Usually each pedicel is axillary to a more 
or less reduced or modified leaf called a 
bract. The bracts are often small and in- 
conspicuous, and sometimes they are 
wholly absent. 









\ 


C 


F 

Other types of indeterminate in- 
florescences may, for convenience, be 
thought of as modified racemes, although 
they may not always be so in a phylo- 
genetic sense. All indeterminate inflores- 
cenees are said to be of a racemose type. 
A raceme with the flowers essentially ses- 
sile (e.g., a gladiolus) is a spike. A raceme 
with a short axis and long pedicels, so 
that the inflorescence is round-topped or 
flat-topped, is a corymb. If the axis is so 
reduced that the pedicels all seern to arise 
at the same point, the inflorescence is an 
umbel. The inflorescence of most members 
of the carrot family is a compound umbel, 
with the primary branches again umbel- 
lately branched to form the pedicels. A 
raceme in which both the axis and the 
pedicels are much reduced, so that the 
flowers are all closely crowded, as in clover 
and sunflowers, is a head. 

A compact inflorescence such as a 
head or an umbel is often subtended by a 
whorl or cluster of bracts at the summit of 


A B 
E D 
E 
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Fig. 31.9 Characteristic types 
of indeterminate inflorescence: 
A, raceme; B, spike; C, corymb; 
D, head; E, umbel; F, compound 
G umbel; G, panicle. 


the peduncle (stalk of the inflorescence). 
Such a group of bracts is called an in- 
volucre. In the sunflower family, the heads 
are so compact that the involucre simulates 
a calyx, and the outer flowers of the head 
often have irregular corollas which simu- 
late the individual petals of a single 
flower. 

A branched raceme, with the upper 
branches usually progressively shorter, 1s a 
panicle. The spikelets (very small spikes) 
of many grasses, such as oats and blue- 
grass, are arranged in panicles. Many of 
the inflorescences usually called panicles, 
such as those of lilac, actually bloom in a 
mixed sequence (partly determinate, partly 
indeterminate) and are more technically 
called mixed panicles. 

All detcrminate inflorescences may, 1n 
a broad sense, be called cymes. The funda- 
mental unit of a typical cyme is a three- 
flowered cymule (small cyme) in which 
the development of the terminal flower 1s 
followed by that of the two opposite or 
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Fig. 31.10 Part of the raceme of miterwort (Mitel- 
la); the petals are deeply pinnatifid. (Photo cour- 
tesy of J. Arthur Herrick.) 


subopposite lateral flowers. Such a cymule 
is called a dichasium. In some cymes, such 
as those of many species of hawthorn, the 
dichasia are arranged in a branched, flat- 
topped or round-topped cluster, and it is 
only the individual cymules which bloom 
in centrifugal sequence. The different 
cymules of which the inflorescence is com- 
posed develop so nearly at the same time 
that the inflorescence as a whole shews no 
definite scquencc of flowcring. A strictly 
dichasial cyme, on the other hand, starts 
with the development of a single terminal 
flower, which is subtended by two lateral 
branches. Each of these lateral branches 
in turn produces a terminal flower which 


is subtended by a pair of lateral branches, 
and the inflorescence may continue to en- 
large in similar fashion indefinitely. 

A monochasium is a cymule in which 
the terminal flower is subtended by only 
one flower, instead of two. It may be re- 
garded as a modification of the dichasium. 
The branehes of many compound inflores- 
cences, such as those of species of elder- 
berry, terminate in a mixture of dichasia 
and monochasia. 

Many basically determinate inflores- 
ences simulate indeterminate ones by pro- 
ducing a sympodial main axis, which is 
really a succession of very short, lateral 
branches developed in monochasial fash- 
ion. The terminal flower of the stem is im- 
mediately subtended by a short axillary 
branch, which likewise terminates in a 
flower that is subtended by another axil- 
lary branch, etc. Such inflorescences have 
a zigzag appearance if the axillary branches 
arise alternately on different sides of the 
axis; they are circinately rolled if the 
branches all arise on the same side. Sym- 
podial inflorescences may often be recog- 
nized by the fact that the bract appears 
to be opposite the pedicel instead of just 
beneath it. Each flower is terminal to the 
true axis, and the bract subtends an axillary 
branch which forms a continuation of the 
apparent axis. Forget-me-nots and many 
other members of the family Boraginaceae 
have circinately rolled sympodial inflores- 
cences. 

Determinate inflorescences sometimes 
resemble one or another type of inde- 
terminate inflorescence in form. Thus we 
have determinate umbels in onions and 
determinate heads in dogwood and some 
other species of Cornus (Fig. 31.12); and 
the true heads of members of the sunflower 
family are sometimes arranged in deter- 
munate spikes or determinate heads. When 
used without some qualification, such as 
determinate or cymose, however, these 
terms refer to strictly indeterminate in- 
florescences. 
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Fig. 31.11 Characteristic 
types of determinate inflores- 
cence: A, dichasium; B, mon- 
ochasium; C,  dichasially 
branched cyme; D, com- 
pound cyme; E, F, sympodial 

D E F cymes: E, helical; F, scorpioid. 
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Fig. 31.12 Dwarf cornel 
(Cornus canadensis), a rela- 
tive of the flowering dog- 
wood. The inflorescence is a 
determinate head, subtended 
by an involucre of petal-like 
bracts. (Photo by Charles C. 
Johnson.) 
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REPRODUCTIVE PROCESSES 


DEVELOPMENT OF THE OVULE 


The life cycle of angiosperms was 
worked out, and the terminology devel- 
oped, before the basic homologies with 
other embryophytes were understood. 





(the integuments). 

An ovule that is ready for fertilization 
ordinarily consists of a female gametophyte, 
a nucellus (the wall of the megasporan- 
gium, enclosing the female gametophyte), 
one or two integuments partly enclosing 
the nucellus, and a basal stalk, the funicu- 
lus, by which the ovule is attached to 
the placenta. The evolutionary origin of 
the integuments is obscure. It is not at all 
certain that they are homologous with the 
seemingly similar integuments of conifer 
ovules. Ontogenetically, the integuments 
arise as rings of tissue near the base of the 
young nucellus. Growing faster than the 
nucellus, they soon completely enclose it, 
except for a small opening (the micropyle) 
at the tip. Unitegminous ovules (i.e. 
ovules with only one integument) are ap- 
parently derived from bitegminous ones, 
in some cases by fusion of the two integu- 
ments into one, in others apparently by 
abortion of one integument. 





ell. 1ega- 
spore mother cell, which has 2n chromo- 
somes and represents the last stage in the 
sporophyte generation, undergoes reduc- 











rise to the female gametophyte by a series 












Fig. 31.13 Orthotropous (left) and anatropous 
(right) ovules. 


tion division to produce four megaspores 
that are usually arranged in a row to form 
a linear tetrad. The megaspores each have 
n chromosomes and represent the first 
stage in the female gametophyte genera- 
tion. |- 










of mitotic divisions. 








consists of eight nuclei embedded in a 
common mass of cytoplasm, with only par- 
tial, if any, distinction into individual cells. 
Much of the cytoplasm is often associated 
with individual nuclei, and apparent cyto- 
plasmic membranes can often be observed, 
but there are no definite cell walls. 

The number of nuclei in the embryo 
sac varies according to the species, or rarely 
even within a species. Although 8 is by 
far the most common number, 4 is not 
rare, and numbers as high as 128 have been 
recorded. No species is known to have less 
than four as a normal number. There are 
some species in which more than one 
megaspore contributes to the formation of 
the embryo sac, and at least one (Casu- 
arina) in which a number of embryo sacs 
are produced in one ovule. 

Typically the two nuclei formed in the 
first division of the megaspore migrate to 
opposite ends of the developing embryo 
sac. Each nucleus then divides into two, 
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Fig. 31.14 Diagrammatic representation of development of ovule. A-E, K-N, growth of 
integuments; F, G, megaspore mother cell; H, I, reduction division, forming a linear tetrad 
of megaspores; J, three megaspores compressed, one enlarged, its nucleus dividing; O, 
binucleate stage of embryo sac, upper megaspores degenerating; P, four-nucleate stage; 
Q, eight-nucleate stage; R, mature female gametophyte, ready for fertilization, with egg 
and two synergid nuclei near the microphyle, two polar nuclei in the center, and three 
antipodal cells at the end opposite the micropyle. (From W. H. Brown, The plant kingdom, 
copyright 1935 and 1963; courtesy of Ginn & Company, Boston.) 
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Fig. 31.15 Young ovules of Fritillaria (a lily) in the ovary, showing the megaspore mother 
cell stage (above), and the four-nucleate stage of embryo sac development (below). Cour- 


tesy CCM: General Biological, Inc., Chicago.) 


and each of these two into two more, so 
that the embryo sac has four nuclei at each 
end. One nucleus from each end then mi- 
grates to the center of the embryo sac, so 
that three nuclei remain at each cnd and 
two lie near the center. The three nuclei 
at the end farthest from the micropyle are 
called the antipodal nuclei. They have no 
apparent function and are usually inter- 
preted as evolutionary vestiges of the vege- 
tative body of the female gametophyte. 
The two nuclei in the center are often 
called the polar nuclei, in reference to their 
origin at the two ends or poles of the em- 
bryo sac. Their function is discussed on p. 
618. One of the three nuclei at the micro- 
pylar end of the embryo sac is the egg. 
The other two are called synergid nuclei, 
referring to a now rejected suggestion that 
they somehow assist in fertilization of the 
egg. Presumably they represent vestiges of 
the archegonium or of the vegetative body 
of the gametophyte. 

One of the most notable aberrancies in 
embryo-sac development is that found in 
many members of the lily family, discussed 
here because lilies became standard labora- 
tory material for the study of ovular de- 
velopment before it was realized that they 
do not follow the usual pattern. Three of 
the four megaspores fuse to form a nucleus 
with 3n chromosomes. This 3n nucleus 
gives rise by mitotic divisions to the anti- 
podal nuclei and one of the two polar 
nuclei, while the egg, the synergids, and 
the other polar nucleus are derived mitot- 
ically from the remaining megaspore. In 
ordinary microscopic preparations, the four 
triploid nuclei of the embryo sac are visibly 
larger than the four haploid nuelei. 


DEVELOPMENT OF THE POLLEN 





there are two pollen sacs, each of which is 
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divided by a lengthwise partition so that 
the anther contains four locules or pollen 
chambers. Each pollen chamber in the 
early stages of development has a central 
vertical strand (one to several cells thick) 
of microspore mother cells surrounded by 
a single layer of specialized nutritive tissue, 
the tapetum. The tapetum, in turn, is sur- 
rounded by the tissues which form the 
walls of the pollen chamber. 

The microspore mother cells, often 
called pollen mother cells, have 2n chromo- 
somes and represent the last stage in the 
sporophyte generation, comparable to the 
megaspore mother cell of the ovule. Each 
microspore mother cell undergoes reduc- 
tion division to produce a usually spherical 
tetrad of microspores. The microspores 
have n chromosomes and represent the 
first stage in the male gametophyte gen- 
eration. 





Fig. 31.16 Cross section of part of lily anther, 
showing one pollen sac, with pollen ready to be 
discharged; the partition between the two cham- 
bers of the pollen sac has broken down, and the 
pollen sac is ready to dehisce. (Courtesy CCM: 
General Biological, Inc., Chicago.) 
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The microspores of a tetrad usually 
separate from each other before develop- 
ing, with little or no increase in size, into 
pollen grains. Each pollen grain is a young 
male gametophyte, with usually two nuclei 
(these being produced mitotically from the 
original microspore nucleus). The genera- 
tive nucleus, with a small amount of dif- 
ferentiated cytoplasm around it, floats 


frcely in the cytoplasm of the tube cell,-. 
which fills the grain. The generative cell, 


which later gives rise to the sperms, is thus 
enclosed within the tube cell, which later 
produces the pollen tube that carries the 
sperms to the egg. The tube cell has its 
own nucleus; the tube nucleus and the 
generative nucleus are the two nuclei of 
the pollen grain. 

The wall of the pollen grain consists 
of an exine, or outer layer, and an intine, 
or inner layer; each of these, in turn, con- 
sists of two or more sublayers. Usually there 
are one or more slits or circular openings, 
the germ pores, in the exine, through 





a 
S 
Wy 

We 

Na 


® 


Fig. 31.17 An Upper Cretaceous fossil angio- 
sperm pollen grain, highly magnified, showing the 
characteristic three germ pores. (Photo by James 
A. Doyle.) 


; 4 


which the intine bulges out when the 
grain germinates. The pollen of most dicots 
is tricolpate (with three germ pores), but 
that of most monocots and some of the 
more primitive dicots is monocolpate (with 
one germ pore). The exine is often pro- 
vided with minute spines or low ridges. 
These and other variations in the structure 
of the wall, as well as the shape of the 
pollen grain, often provide useful tax- 
onomic characters. 

The tapetum sometimes degenerates 
and disappears as the pollen grains mature. 
In other species it remains more or lcss in- 
tact and functions as a secretory tissue. In 
either case it evidently provides nourish- 
ment for the developing pollen grains. 

When the pollen grains are mature, 
the anther opens and releases them. Usu- 
ally the partition between the two pollen 
chambers of each sac breaks down to some 
extent, and the sac dehisces (opens) along 
the furrow between the two pollen cham- 
bers. 


POLLINATION 


The transfer of pollen from the anther 
to the stigma is called pollination. Most 
angiosperms are normally cross-pollinated, 
but self-pollination is not uncommon. 
Cross-pollination has the advantage of pro- 
ducing new and diffcrent combinations of 
existing genes (see Chapters 36 and 38), 
but self-pollination is a more certain 
method, not subject to the vagaries of 
wandering breezes or flighty insects. 

Many species have spccial mechanisms 
which prevent or restrict self-pollination. 
The stigma may become receptive to pollen 


‘before the stamcns of the same flower are 


mature, or vice versa. The style may be 
very long and the stamens very short, so 
that the pollen does not readily fall onto 
the stigma, or the stamens may extend out 
of the corolla, with the same result. Self- 
pollination is obviously impossible in 
dioecious plants, such as willow, and is re- 
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stricted to a lesser extent in monoecious 
plants, such as corn. 

One of the commonest mechanisms 
restricting effective self-pollination is self- 
sterility. Investigations into the genetics of 
self-sterility have regularly shown that the 
breeding population consists of several or 
many groups of individuals, all members of 
each group being alike.(and different from 
other groups) with regard to particular 
genetic sterility-factors. The pollen func- 
tions only (or best) when it lands on the 
stigma of an individual belonging to a dif- 
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Fig. 31.18 Series of photo- 
micrographs showing reduc- 
tion division and develop- 
ment of pollen grains in 
Trillium erectum, a lily in 
Which n = 5. Zygotene, 
pachytene, diplotene, and 
diakinesis are very early, 
early. middle, and late stages 
of the prophase of the first 
division in metosis. (Courtesy 
of A. H. Sparrow, Brookhaven 
National Laboratory, Upton, 
New York.) | 


EARLY 


MATURE 
FOLLEN 


ferent group within the same species. 
Many of our cultivated fruit trees are 
partly or wholly self-sterile, so that a good 
crop is not produced unless two varieties 
are used. Two varieties are required be- 
cause fruit trees are propagated by grafting, 
and all the individuals of one variety or- 
dinarily belong to a single clone, with es- 
sentially identical genetic constitution. 
The genes governing self-sterility com- 
monly act by influencing the rate of growth 
of the pollen tube. In compatible matings, 
the pollen tube grows rapidly, but in in- 
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compatible matings, it grows so slowly 
that it fails to reach the embryo sac, or 
else it reaches it only after the egg has 
ceased to be receptive. | 






kinds of flowers are pollinated by bats, and 
a few others by water currents. All these 
pollinators sometimes also transfer the 
pollen merely from one flower to another 
on the same plant, so that the plants are 
still, in effect, self-pollinated. 

Bees, wasps, butterflies, and moths 
usually visit flowers in search of nectar; 
often they (especially bees) gather and 
use pollen as well. In collecting the nectar 
at the base of a flower, the insect almost 
unavoidably brushes against the anthers 
and the stigma. Some of the pollen re- 
mains on the inscct and may be brushed 
off on the stigma of some flower visited 
later. The stigma is generally slightly 
sticky, and a pollen grain that touches it 
is likely to remain there. The insect does 
not consciously or intentionally pollinate 
the flower, but pollination is effected just 
the same. 

On any individual trip from the hive 
or nest, a bee usually visits flowers of only 
one kind, ignoring others, unless the sup- 
ply is very restricted. The flower constancy 
of bees is one of the factors restricting 
interspecific hybridization. Many species 
which will produce hybrids when artifi- 
cially pollinated only rarely hybridize in 
nature, because the pollen does not usu- 
ally get transferred from one species to 
the other. 

Some kinds of flowers attract a wide 
variety of insect visitors; others are usually 
visited by only one or a few species, to 
which they are especially adapted. A num- 
ber of species have flowers with the odor 
and often the color of dung or rotten 
meat, attracting flies which normally lay 
their eggs on these substances. Some 
South African and Australian orchids have 


flowers which simulate the females of 
certain species of wasps, thus attracting 
the males, which inadvertently transfer the 
pollen in attempting to perpetuate their 
own kind. In many regions the bumblebee 
is the only effective pollinator of red 
clover; ordinary honeybees cannot reach 
the nectar. Charles Darwin accurately pre- 
dicted the discovery of a moth with a 
tongue 1] inches long in Madagascar, be- 
cause this length would be required to 
reach the nectar of a certain orchid 
(Angraecum sesquipedale) in a moth-pol- 
linated genus. 

Plants with large white flowers often 
attract night-flying insects, such as moths. 
Yucca depends for pollination on a moth 
(Pronuba) which shows every external evi- 
dence of knowing exactly what it is doing. 
It gathers the pollen, rolls it into a ball, 





Fig. 31.19 Pistil of a grass, showing feathery stig- 
mas adapted to wind pollination. (<100.) (From 
W. H. Brown, The plant kingdom, copyright 1935 
and 1963; courtesy of Ginn & Company, Boston.) 





Fig. 31.20 Catkins of scarlet oak (Quercus coc- 
cinea), a wind-pollinated plant with much reduced 
flowers. A catkin is a kind of spike, characteristic 
of a number of mostly wind-pollinated trees. (U.S. 
Forest Service photo by W. D. Brush.) 


flies to the flower of another plant, lays 
eggs in the ovary, and then pats the pol- 
len onto the stigma. Some of the develop- 
ing ovules are eaten by the caterpillars, 
but generally some remain to mature 
seeds. 

Birds are more important as pollina- 
tors in the tropics and in the Southern 
Hemisphere than in north temperate re- 
gions, but even in the United States, hum- 
mingbirds are the normal pollinators for 
some plants, such as the red-flowered spe- 
cies of Indian paintbrush (Castilleja). 
Hummingbirds also visit many kinds of 
flowers (e.g., gladioli) for which they are 
not the only pollinators. 

Wind-pollinated plants generally pro- 
duce large quantities of pollen, enough to 
overcome the tremendous waste inherent 
in the method. The pollen is often carried 
for long distances, sometimes thousands 
of miles. Most wind-pollinated plants have 
small and inconspicuous flowers (Fig. 
31.20), often without petals, and many of 
them have relatively very large, brush-like 
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stigmas (Fig. 31.19). Many or most grasses 
are wind-pollinated, although many others 
are self-pollinated instead. 

There is some correlation between the 
method of pollination and the number of 
ovules borne in an ovary. Efficiency in 
wind-pollinated plants requires numerous 
pollen-catching stigmas, and each ovary 
usually produces only a single ovule. A 
single stigma, on the other hand, can pro- 
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Fig. 31.21 Diagrammatic representation of an 
ovary with an orthotropous ovule, showing devel- 
opment of the pollen tube. A, pollen grain on stig- 
ma; B, a pollen grain with a tube nucleus anq two 
sperm nuclei;)C, germinating pollen grain; D, pol- 
len tube entering the micropyle. (From W. H. 
Brown, The plant kingdom, copyright 1935 and 
1963; courtesy of Ginn & Company, Boston.) 
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vide for most or all of the numerous pol- 
len grains that may be brought in by a 
single insect visit, and insect-pollinated 
plants typically have several or many 
ovules per ovary. 

Many people show an allergic reac- 
tion, called hay fever, to the pollen of one 
or more kinds of plants. Probably almost 
any species could so affect somebody 
under the proper circumstances, but only 
wind-pollinated plants generally shed 
enough pollen into the air to affect large 


ragweed (Ambrosia) are the most serious 
cause of hay fever in the United States, 
but oaks, cottonwoods, sagebrush, certain 
grasscs, and various other plants are im- 
portant in some regions. ( Goldenrods, 
popularly reputed to cause hay fever, are 
relatively innocuous; being insect-pollin- 
ated, most of them release little or no 
pollen into the air. Possibly their bad 
reputation comes from the fact that they 
are the most conspicuous wild flowers 
in the eastern United States during the 
late summer and early fall, when the 
real villain, ragweed, is shedding its 


pollen.> 


Events LEADING TO FERTILIZATION 


The sticky fluid covering the surface 
of the stigma contains water, sugars, and 
other substances. In this environment the 
pollen grain germinates almost immedi- 
ately. Many kinds of pollen grains can be 
induced to germinate by putting them in 
a dilute sugar solution, but others require 
more specialized conditions that are gen- 
erally provided only by the stigma of their 
Own species. 

The intine bulges out, usually 
through one of the openings in the exine, 
producing a pollen tube which penetrates 
the stigma and grows down through the 
style. The protoplasm of the pollen grain 
flows into the tube, leaving the empty 
grain still perched on the stigma. The 
protoplast of the pollen tube produces 


A ing rise to 
numbers of people. The several species of ë å 


digcstive enzymes which decompose the 
surrounding tissue of the style. Some of 
the digestion products are absorbed and 
used as food by the protoplast of the 
pollen tube. 

The tube nucleus (i.e., the nucleus of 
the tube cell) usually lies near the growing 
tip of the pollen tube, with the genera- 
tive nucleus a little farther behind. Dur- 
ing the growth of the pollen tube, the 
generative nucleus divides mitoticall 











(In some species the generative 
nucleus divides earlier, so that the mature 
pollen grain has three nuclei instead of 
two.) The protoplast of the tube cell, 
with its included sperms, continues to 
occupy the forward part of the growing 
pollen tube, and the more or less emptied 
rear part often degenerates, so that the 
pollen tube is severed from the empty 
pollen grain. 

Eventually the pollen tube reaches 
and penetrates the ovule. In many species 
it enters through the micropyle, but in 
others it enters through the side or 
funicular ‘end. * 








reaching the embryo sac, the pollen tube 
bursts at the end, discharging the two 
sperms. The tube nucleus and the cyto- 
plasm of the pollen tube then die and 
degenerate, leaving the sperms free in thc 
embryo sac. 

One of the two sperms fuses with the 
egg. The fertilized egg has 2n chromo- 
somes and represents the first stage in the 
new sporophyte generation. By a series of 
mitotic divisions, the fertilized egg later 
gives rise to the embryo of the seed. 

The other of the two sperms fuses 
with the two polar nuclei near the middle 
of the embryo sac, forming a triple-fusion 
nucleus with ordinarily 3n chromosomes. 
Sometimes the two polar nuclei fuse with 
each other before the arrival of the sperm, 
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Fig. 31.22 Diagrammatic representation of fertilization and development of embryo. A, 
the pollen tube has entered through the micropyle, and a curved sperm nucleus lies in 
the egg just below the egg nucleus; the two polar nuclei have fused to form a single 
nucleus and the second sperm is near the fusion nucleus. B, the sperm and egg nuclei are 
nearly fused, and the second sperm is fusing with the nucleus formed by fusion of the polar 
nuclei, to form the endosperm nucleus. C, the endosperm nucleus is dividing. D, a young 
embryo has developed from the fertilized egg, and numerous endosperm nuclei are divid- 
ing. E, a more advanced stage. F, the cotyledons of the embryo are beginning to differen- 
tiate, and the endosperm has become cellular. G, a seed in which the embryo is surrounded 
by endosperm and this by two integuments. (From W. H. Brown, The plant kingdom, copy- 
right 1935 and 1963; courtesy of Ginn & Company, Boston.) 


forming a diploid fusion nucleus which in 
turn fuses with the sperm. The triple- 
fusion nucleus, or endosperm nucleus, 
typically gives ris series of mitotic 
divisio th 
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The events following discharge of the 
- sperms into the embryo sac are often re- 
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ferred to as double fertilization, because 
the true fertilization (fusion of the sperm 
and egg) is accompanicd by the other 
fusion process (fusion of the other sperm 
with the polar nuclei or with the fusion 
nucleus formed from the polar nuclei), 
bles fertilization 







_It was inde- 
pendently rcported in 1898 by the Russian 
botanist Sergei Gavnlovich Navashin 


(1857-1930, now better known for Nava- 
shin’s solution, a mixturc used for certain 
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cytological preparations) and in 1899 by 
the’ French` botanist Jean Louis Leon 
Guignard (1852-1928). 

The use of a triploid rather than a 
haploid or diploid tissue for food storage 


has no apparent special value and is usu- ay! 


ally thought to be a mere evolutionary ` 


happenstance. (Haploid tissue adequately 7 


performs the same function in gymnosperm 
seeds.) Most botanists doubt that such a 
process would be likely to originate and 
become fixed more than once (i.e., in sep- 
arate evolutionary lines), and the regular 
occurrencc of double fertilization is one of 


Fig. 31.23 Life cycle of an 
angiosperm. A, mature spor- 
ophyte; B, flower; C, stamen; 
D-F, development of pollen; 
G, pistil; H-L, development of 
embryo sac; M, growth of the 
pollen tube toward the em- 
bryo sac; N, release of the 
sperms into the embryo sac; 
O, developing embryo and 
endosperm; P, mature seed; 
Q., seedling: em., embryo, 
en., endosperm; s.c., seed 
coat. 
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the features which contribute to the belief 
that the angiosperms are a truly natural 
group. 


APOMIXIS 


Some kinds of angiosperms set seed 
without fertilization, either regularly or as 
an alternative to the normal sexual proc- 






Apomixis was first 
9, in female plants of a dio- 
ecious Australian euphorbiad (Alchornea 
ilicifolia), which set seed abundantly in 
cultivation at Kew Gardens in England, 
half a world away from the male plants 
in Australia. Some spccies of a common 
North American (and Eurasian) genus, 
Antennaria, are represented chiefly or 
wholly by female plants over large parts of 
their range, whereas male and female 
plants occur together in other areas. 
The mechanism of apomixis varies 
in different species, and sometimes even 
in different ovules of the same flower. 
Sometimes reduction division occurs nor- 
mally, leading to the formation of a 
normal cmbryo sac with n chromosomes, 
but the A 





. Sometimes the megaspore mother 
cell begins to undergo meiosis, but soon 
after the first metaphase, the chromosomes 
are all returned to a restitution nucleus 
which then produces an unreduced embryo 
sac by a series of mitotic divisions. Some- 
times the cell which would otherwise be 
the megaspore mother cell gives rise to an 
unreduced embryo sac by a series of mi- 
totic divisions, without the intervention 
of any stages resembling meiosis. Some- 
times reduction division occurs but the 
megaspores all degenerate, and one or 
more unreduced embryo sacs develop 
directly from the nucellus. One or more 
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of the cells of unreduced cmbryo sacs 
formed in any of these ways commonly 
act as embryo initials. 

The origin of the endosperm like- 
wise differs in different kinds of apomictic 
plants. Sometimes there is no trace of 
endosperm, the food being stored directly 
in the embryo. Sometimes a nucleus of 
an unreduced embryo sac functions di- 
rectly as the endosperm nucleus. In a 
number of apomictic species, the endo- 
sperm nucleus is formed by fusion of two 
nuclei from a reduced or unreduced em- 
bryo sac with a sperm liberated from a 
pollen tube; in this case pollination is 
necessary for seed production, even though 
the embryo itself is not a produet of 
fertilization. 

In one experiment, the pollen of one 
species of lily was transferred to the stigma 
of another for ten successive generations 
without showing any influence in the off- 
spring. Under normal conditions of sexual 
reproduction, the hereditary contribution 
of the original ovule parent would have 
been reduced by about half in each gen- 
eration, but in this instance, its influence 
was not one whit diminished at the end 
of the experiment. Unpollinated flowers 
failed to set seed, showing that pollen 
stimulation was necessary. Thc embryo of 
the seeds was formed asexually, but the 
endosperm developed only from a fusion 
nucleus involving a sperm. 

In most types of apomixis, the em- 
bryo necessarily has exactly the same 
genetic constitution as the parent, and 
sced formation is genetically equivalent to 
vegetative reproduction. Plants descended 
from a single individual by apomictic 
reproduction are thus usually equivalent 
to a clone. 

It should be noted, however, that 
some types of apomixis do allow some 
variation among the offspring. Develop- 
ment of the embryo from a cell formed 
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by fusion of two cells of an otherwise nor- 
mal embryo sac is genetically equivalent 
to self-pollination, or to self-fertilization 
in general. If not continued for too many 
generations without outcrossing, this type 
of reproduction (as noted in Chapter 36) 
allows some variation in the offspring. 
Apomixis involving the formation of a 
restitution nucleus allows some crossing 
over between chromosomes which pair in 
the first mctaphase, and thus some varia- 
tion among the diploid nuclei which make 
up the embryo sac is permitted; the possi- 
bility of variation among the embryos 1s 
therefore also established. Crossing over, 
ie. the exchange of materials between 
chromosomes which pair during meiosis, 
is further discussed in Chapters 5 and 36. 
The causes of apomixis are only 
poorly understood, but there is a clear 
correlation between apomixis and the oc- 
currence of more than two complete sets 
of chromosomes in the nucleus. This lat- 
ter condition, called polyploidy, is dis- 
cussed in Chapter 36. It should be noted, 
however, that not all apomicts are poly- 
ploid, nor are all polyploids apomictic. 
Most of the larger families of angio- 
sperms include some apomictic species or 
genera. Blackberries, hawthorns, and dan- 
delions are familiar apomictic 






Many species have sexual and apo- 
mictic forms which are otherwise appar- 
ently indistinguishable, although the 
sexual progeny of a single individual may 
show as much variation as several distinct 
apomictic lines. Most of the habitually 
apomictic groups also throw at least a few 
sexual offspring, but in some cases apo- 
mixis appears to be wholly obligatory. 
Flowers of apomictic plants usually 
resemble their sexual counterparts in ap- 
pearance, although the showy parts are 
sometimes a little less well developed. The 
pollen of apomictic plants, especially poly- 
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ploid apomicts, is often irregularly or 
poorly developed, and the failure to pro- 
duce normal amounts of viable pollen is 
usually a good sign of apomixis. Hybrids be- 
tween normal sexual species may also fail 
to produce good pollen, however, and some 
such hybrids reproduce so vigorously by 
vegetative means as to form good-sized 
populations. Most kinds of apomixis can 
readily be demonstrated by emasculating 
the flowers and preventing pollination, but 
apomixis requiring pollen stimulation can 
usually be detected only by prolonged ex- 
perimental work or very careful cytological 
observations. 


PoOLYEMBRYONY 


Apor not infrequently have 
n 1 on Ithough normal 
sexual seeds rarely do. In the normal sex- 
ual cycle, only one cell, the egg, receives 
the stimulus (fertilization) necessary to 1n- 
duce its development into an embryo; in 
apomictic reproduction fertilization is dis- 
pensed with, and the more obscure stimuli 
which induce the formation of an embryo 
may affect several different cells. ‘Two or 
more cells of an unreduced embryo sac 
may independently become embryo initials. 
Two or more embryo sacs may be formed, 
each giving nse to an embryo. Sometimes 
one embryo sac develops in the normal 
sexual fashion, while the others develop 
adventitiously from unreduced nucellar tis- 
sue; in other instances they are all un- 
reduced. Sometimes the embryos develop 
directly from nucellar tissue, without rela- 
tion to embryo sacs. 
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FRUITS 


INTRODUCTION 





Tii 
will be noted that the botanical definition 
of a fruit is broader than a housewife’s 
definition. Botanically, a string bean or a 
corn grain is as much a fruit as is a peach 
or a strawberry. The old chestnut “Is a 
tomato a fruit or a vegetable?” raises no 
botanical problem. Botanically, the tomato 
is a fruit; so is a chestnut. Vegetable, on 
the other hand, is a nontechnical term, 
not much used botanically except in such 
expressions as 







It may be soft or hard, 
eshy or dry. en it consists of two or 
three distinct layers 





The exocarp often forms 
a mere epidermis, or an epidermis-like cov- 
ering several cells thick. 

The form, texture, and structure of 
fruits are almost infinitely variable, and 
any attempt to name and classify the kinds 
is necessarily arbitrary and imperfect. In 











“the vegetable kingdom.” 









SIMPLE AND SIMPLE ACCESSORY FRUITS 


The vast majority of fruits are derived 
from only one pistil and thus fall into 
either the simple or the simple accessory 
type. An otherwise simple fruit derived 
from an inferior ovary is considered to be 
a simple accessory fruit, because the hy- 
panthium (or receptacle) is joined to the 
ovary and ripens with it. Except for the 
remnants of the calyx, there is often little 
or nothing in the appearance of a simple 
accessory fruit to distinguish it from a sim- 
ple fruit, and several kinds of simple fruits 
have close parallels among the simple ac- 
cessory fruits. It is customary, therefore, 
to treat the two groups collectively in any 
further classification. Most simple and 
simple accessory fruits fit fairly well into 
the following scheme: 


Fig. 32.1 Some types of 
fruits: A, legume (pea); B, 
drupe (peach); C, berry (to- 
mato); D, achene  (buck- 
wheat); E, pome (apple); F, 
aggregate accessory (black- 
berry); G, aggregate acces- 
sory (strawberry); H, aggre- 
gate accessory (rose); l, nuts 
or nut-like achenes of Orien- 
tal lotus, embedded in the 
enlarged receptacle; J, multi- 
ple (syconium of fig); K, mul- 
tiple (mulberry). (From Tran- 
seau, Sampson, and Tiffany, 
Textbook of botany, rev. ed., 
Harper & Row, 1953.) 
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erry—pericarp fleshy throughout, or with a hard or leathery rind; earpels and seeds one 
or more 
1. Typical berry—pericarp fleshy essentially T the exocarp forming merely a 
thin skin. Examples: grape, tomato, pepper, blueberry, gooseberry 
2. Pepo—a berry with a hard rind. Examples: watermelon, squash, cueumber 
3. Hesperidium—a berry with a leathery, separable rind, and with parehment-like parti- 
tions. Examples: oranges and other eitrus fruits 
B. Drupe—endoearp stony, forming a pit that usually eneloses a single seed; carpels one or 
more; less often several one-seeded pits in the fruit. Examples: cherry, peach, plum, 
olive, walnut 
C. Pome—endocarp papery or sometimes bony, forming a core with usually several seeds; 
outer paj of the fruit derived from the thickened hypanthium; carpels usually several. 





. Legume—earpel one, genera itting along two sutures. Examples: pea, bean 
2. Follicle—earpel one, generally sphtting “Late only one suture. Examples: milkweed, 
eolumbine, larkspur 
3. Capsule—carpels two or more 
a. Typical eapsule, usually dehiscing in one of the four following ways: 
1) Along the middle of each earpel, thus through the locules—loculicidal dehis- 
cence. Examples: tulip and other lilies, iris 
2) Along the line of fusion of adjacent earpels, thus through the partitions—septi- 
eidal dehiscenee. Example: azalea 
3) By pores, usually near the tips of the carpels—porieidal dehiseence. Example: 
poppy 
4) Around the middle, so that the top comes off as a lid—circumseissile dehiseenee. 
Examples: portulaea, plantain 
b. Silique—an elongate, narrow eapsule, apparently eomposed of two carpels, the 
periearp falling off as two valves, leaving the persistent partition, whieh bears 
the seeds on its margins. Example: mustard 
c. Silicle—similar to a silique, but short, not much, if at all, longer than wide. 
Examples: sweet alyssum, shepherd’ S-purse 
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not produeed into a wing, the seed solitary and attached to the pericarp 
sell by the funiculus. The most typieal kind of dry indehiseent fruit, of whieh the 
others in this list Geri tis Eo may be eonsidered to be modified or 
special types. Examples eup, sunflower, buekwheat, dandelion 
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. Examples: a 






f he ereal grains 


some- 
times composed of two duplicate halves, each with its own seed and wing. Exam- 
ples: ash, elm, maple, tree of heaven 


. Examples: acorn, 
m o 


, each carpel remaining 


closed around its usus olitary seed. Examples: carrot, parsley, parsnip, mallow 
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The student will note that the botan- 
ical definitions of berry and nut do not 
match common usage, although there 1s 
some overlap with common usage in each 
case. Raspberries, blackberries, and straw- 
berries are aggregate or aggregate accessory 
fruits, rather than berries in a botanical 
sense, and tomatoes and peppers would 
not be considcred berries by a housewife. 
Most of the nuts eaten at Christmas time 
are not nuts in a botanical sense. Brazil 
nuts are secds with a very thick seed coat; 
peanut shells are modified legumes, and 


the peanuts are the seeds. Pecans and wal- 
nuts are atypical drupes in which the 


somewhat fleshy outer part of the pericarp 
opens to release the hard endocarp, which 
thus corresponds to the pit of a cherry or 
peach. 

The drupe (Fig. 32.1) is the character- 
istic fruit of one subfamily of the Rosa- 
ceae but is also found in a number of other 
families. Cherries, peaches, and plums are 
typieal members of this subfamily (the 
Drupoideae). The pome (Fig. 32.1) is the 
characteristic fruit of another subfamily 
(Pomoideae) of the Rosaceae and 1s not 
ordinarily found in other groups. 

The correct definition of a legume 
(Fig. 32.1) is “the fruit of a member of 
the family Leguminosae.” All legumes are 
unicarpellate; the vast majority of them are 
dry, and most of them dehisce along two 
sutures. Only a few fruits found in other 
families meet these qualifications; those 
which do are considered to be slightly un- 
usual follicles. 

Siliques and silicles are the character- 


Fig. 32.2 Some simple, dry, 
indehiscent fruits: A, double 
samara of maple; B, samara of 
elm; C, samara of ash; D, ber- 
ry-like achene or nut of bass- 
wood; E, achene of dande- 
lion; F, achene of sunflower; 
G, achene of Clematis. (From 
Transeau, Sampson, and Tif- 
fany, Textbook of botany, rev. 
ed., Harper & Row, 1953.) 
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Fig. 32.3 Opened capsule of Clusia, a tropical 
American shrub, showing the outer walls of the 
five carpels spread away from the axile placenta. 
(Photo courtesy of José Cuatrecasas.) 


istic fruits of members of the mustard fam- 
ily (Cruciferae) and are not found else- 
where. The term silique is sometimes 
loosely used to include silicles as well as 
true siliques. A few fruits of the Cruci- 
ferae are indehiscent, or lack a partition, 
but are still considered to be siliques or 
silieles, according to their shape. 

The correct definition of a caryopsis is 
“the ripened ovary of a member of the fam- 
ily Gramineae” (the grass family). Most 
caryopses fit the standard characterization 
given in the foregoing classification, but 
the seed of Sporobolus (dropseed grass) 
and some other grasses is loose within the 
pericarp, and the fruit thus fits the 
standard definition of an achene. 
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AGGREGATE AND AGGREGATE ACCESSORY 
Fruits 


A relatively small proportion of an- 
glosperms have fruits derived from several 
pistils of a single flower. Many or most 
of these, and all the best-known ones, be- 
long to the family Rosaceae. The raspberry 
is an aggregate fruit, eomposed of a num- 
ber of loosely coherent drupelets (very 
small drupes) that separate as a group 
from the hemispherical receptacle, which 
remains attached to the pedicel. Blackbcr- 
ries (Fig. 32.1) differ from raspberries in 
that the receptacle and its attached drupe- 
lets separate from the pedicel as a unit, 
forming an aggregate accessory fruit. The 
enlarged receptacle constitutes the fleshy 
part of a strawberry, and the apparent 
seeds scattered over its surface are really 
small achenes, each with a single seed. 
The strawberry is thus an aggregate ac- 
cessory fruit. 


MULTIPLE FRUITS 


Multiple fruits occur in a eonsider- 
able number of plants, but only a few of 
these, such as the pineapple, mulberry, and 
fig, are generally familiar in the United 





4 


States. Multiple fruits generally consist of 
a whole inflorescence, with many crowded, 
small, more or less reduced flowers that 
coalesce as they mature. The core of the 
pineapple is the axis of the inflorescence, 
and the more commonly eaten part repre- 
sents the ovaries and the fused bases of 
the essentially sessile flowers, which are 
demarked by grooves in the surface of the 
mature fruit. In Morus (mulberry) the 
staminate and pistillate flowers are in sepa- 
rate inflorescences. Each pistillate flower 
has a single one-celled ovary which devel- 
ops into an achene enclosed by the thick- 
ened, juicy calyx (there is no corolla), and 
the calyces of adjacent flowers become 
coalescent (Fig. 32.1). 

The multiple fruit of figs is a special 
type, called a syconium (Fig. 32.1). The 
peduncle (stalk of the inflorescence) is en- 
larged and hollowcd out at the end, with 
an opening at the top, forming a fleshy 
common receptacle that is lined by the 
very small, unisexual flowers. Staminate 
and pistillate flowers are borne in the 
same or different inflorescences, according 
to the species. Each pistillate flower has a 
single, unicellular ovary which develops 
into a sort of achene. The common com- 


Fig. 32.4 Pineapples in Ha- 
waii. The entire inflorescence 
of each plant ripens into a 
multiple fruit. (U.S. Forest 
Service photo.) 
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mercial fig will mature without pollination; 
the achenes then remain very small and 
relatively undeveloped, forming the fa- 
miliar tiny “seeds” of the fig. 


SEED DISPERSAL |” 

Wind, animals (including birds), 
water, and explosive dehiscence are the 
principal means of seed dispersal. ‘The 
whole plant, the fruit, or only the seeds 
may be transported, and the structure 1s 
often evidently correlated with the means 
of dispersal. 

Tumbleweeds, such as Russian thistle 
(Salsola kali) and Jim Hill mustard 
(Sisymbrium altissimum) are carried about 
by the wind during the fall and winter, 
dropping seeds as they go. These plants 
have much branched stems, commonly 
forming a rounded mass that has consid- 
erable wind resistance but little weight. 

Fleshy fruits are commonly eaten by 
birds and mammals. The seeds may be dis- 





carded without being eaten, but more often 
they are eaten along with the fruit and are 
later passed out of the alimentary tract. 
The endocarp or the seed coat in many 
fleshy fruits is so hard and impervious to 
water that the seeds do not germinate 
readily unless they are subjected to the 
softening action of digestive juices, or un- 
less the outer wall is artificially removed 
or broken open. Berries of some kinds of 
mistletoe, commonly eaten by birds, have 
a very sticky pulp. The birds effectively 
plant some of the seeds by wiping their 
bills on the bark of trees after eating. 
Indehiscent dry fruits usually have 
only one or a few seeds, and seed dispersal 
involves the whole fruit. Samaras, such as 
those of maple, ash, and elm (Fig. 32.2), 
are adapted to distribution by wind. Most 
of the familiar plants with samaras are 
trees, and the fruit starts its journey some 
distance above the ground. Many kinds of 
achenes are also distributed by wind. 
Those of dandelion (Figs. 32.2, 32.6) and 
many other members of the family Com- 


Fig. 32.5 Some fleshy fruits. 
Above, gooseberry (a berry); 
below, cucumber (a pepo, 
i.e., a modified berry). (Pho- 
tos courtesy of T. H. Everett.) 


630 INTRODUCTORY BOTANY 


NK y 


A 
„X S 


li 
D 


: 
x 
$ 


KA 
X%% 


a ` 
VEN i OPAN 
SS RIE 
A 


Fig. 32.6. Fruiting heads of 
dandelion, showing achenes 
adapted to wind distribution. 
(Photo courtesy of J. Arthur 
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ORAA Herrick.) 
positae have a terminal tuft of long hairs the common carrot, may likewise have 
formed by the modified calyx. In some barbed prickles (Fig. 32.7). Cocklebur 
species of Clematis (Fig. 32.2) and Anem- Xanthium) and burdock (Arctium) have 
one, the achene is tipped by an elongate special types of multiple fruits in which 
persistent style that is provided with long the involucre enelosing the achenes has 
airs over most of its length. Some grasses hooked prickles. 
likewise have a plumose awn attached to Acorns and some other nuts, or nut- 
the specialized chaffy bract that surrounds like fruits, are commonly buried by squir- 
the grain. | rels as a reserve food supply for use during 
Many indehiscent fruits are adapted the winter. Many of these escape redis- 
to distribution by animals. Achenes often covery and the seeds germinate in plaee. 
have hooked or barbed projections which Even without the interference of squirrels, 
catch in the fur of passing animals. Bidens nuts which fall from the tree may roll some 
beggar-ticks) is a well-known example. distance down a hillside before coming to 
ther dry fruits, such as the schizocarp of rest. 


Fig. 32.7 Schizocarp of car- 
rot, adapted to distribution 
by animals. (Courtesy CCM: 
General Biological, Inc., Chi- 
cago.) 
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Some dry indehiscent fruits are lighter 
than water and are carried about by 
streams. The achenes of sedges (Carex) 


are enclosed in a highly modified bract 
called the perigynium. In many stream- 
bank specics of Carex, the perigynium is 
inflated, so that the achene readily floats. 

The seeds of dehiscent fruits are indi- 








3 akı e fruits of Scotc 
(Cytisus scoparius), touch-me-not (Im- 
patiens), and many other plants dehisce so 
violently that the seeds are shot several 
feet through the air. 

Many seeds, such as those of milkweed 
(Asclepias) and cottonwood (Populus), 
are provided with a tuft or covering of long, 
loose hairs which help keep them afloat in 
the breeze. In Catalpa and some other 
plants the seed coat is produced into a 
broad, flat wing, so that the seed looks 
much like a samara. Many conifers also 
have winged seeds. 

The seeds of many weeds are light 
enough to float or be carried along in 
water, and the distribution of such seeds 







Fig. 32.8 Coconut, a fruit 
adapted to distribution by 
water. The “meat” of the co- 
conut is endosperm; the fruit 
may be called a nut or a dry 
drupe. (Photo by W. H. 
Hodge.) 


by irrigation water is a serious problem in 
some parts of the western United States. 

A few kinds of plants, such as bitter- 
sweet (Celastrus scandens), have dry, de- 
hiscent fruits which open to expose seeds 
that have a fleshy coat. Such seeds are com- 
monly eaten by birds, just as are fleshy 
fruits. 

It should be noted that seeds with no 
very obvious specializations for dispersal 
manage to get around anyway. Seeds of 
marsh plants are often carried long dis- 
tances in the mud on the feet of migrat- 
ing waterfowl. Scvere windstorms may 
carry seeds, fruits, or even whole plants 
that are not affected by ordinary breezes. 
Many plants have been introduced to 
America in the ballast dumped from ships. 


Some of our com- 
monest, weeds do not do well in eompeti- 
tion with undisturbed native vegetation 
but survive because their cfficient mech- 
anisms of seed dispersal combined with a 
large production enable them to quickly 
occupy any disturbed habitat from which 
the original vegetation has been removed. 

Seed dispersal is, of course, only one 
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of the factors involved in the perpetua- 
tion of a plant population. Other factors, 
such as longevity of the plant, number of 
seeds produced each year, the amount of 
food stored in the sced, and the ability 
to compete with other plants are also im- 
portant. The distribution and abundance 
of a species are determined by a balance 
of all factors, and inefficiency in one re- 
spect can often be compensated for by 
efħciency in others. 


SEED STRUCTURE 


The seed is the ripened ovule. Seeds 
vary in size, from barely visible to the 
naked eye, as in many orchids, to several 
inches thick, as in coconuts, or sometirnes 
even larger (Fig. 32.10). The two essential 
parts ate the seed coat, developed from 
the integuments of the ovule, and the 
embryo, ordinarily developed from the 
fertilized egg. Often the embryo is em- 
bedded in or accompanied by the endo- 
sperm, a food-storage tissue derived from 
the triple-fusion nucleus of the ovule. Usu- 
ally the nucellus is no longer recognizable 
in the mature sced, but in some plants it 





4 
develops into a special food-storage tissue, 
the perisperm. Generally there is not even 
a recognizable vestige of the embryo sac. 
A little reflection will show that the séed 
spans three generations, the old sporo- 
phyte, the female gametophyte, and the 
young sporophyt 
The 


pery, or hard and bony, or 





thin and pa- 
occasionally 












aphe, along one edge leading away from 
the hilum. The micropyle in such seeds is 
next to the hilum on the side opposite 
the raphe. Sometime; 

















sorbs water for the seed during germina- 
tion. 

The embryo is a miniature plant, eon- 
sisting of a short axis with one or two 
(rarely more) attached leaves, the cotyle- 
dons. The part of the axis above the 
cotyledon(s) is the 
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Fig. 32.9 Long section through a young seed of shepherd’s-purse (Capsella bursa-pastoris). 
The embryo, lengthwise near the bottom, has a well developed suspensor at the left, the 
endosperrn is beginning to degenerate, and will be wanting from the mature seed. (Cour- 
tesy CCM: General Biological, Inc., Chicago.) 
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Fig. 32.10 Seed of Seychelles palm, or ae 
coconut (Lodoicea maldivica); this species has the 
largest seeds in the world. (Photo by W. H. Hodge.) 


seedling. The part of the axis immediately 
below the cotyledon(s) is the hypocotyl, 
a root-stem transition region. The hypo- 
cotyl is prolonged at the base into the 
radicle, which becomes the primary root 
of the seedling. The radicle may or may 
not be externally differentiated from the 
hypocotyl, and the latter term is some- 
times expanded to include the radicle. 
Sometimes the radicle consists merely of 
a group of meristematic cells at the end of 
the hypocotyl. 

Dicotyledons typically have two cot- 
yledons (whence the name) that are 
essentially opposite. A few of the more 
primitive species sometimes have three or 
four cotyledons instead, and a few others 
have only one. Monocotyledons have only 
one cotyledon, and this one is often highly 
ists are now agreed that 






The embryo of grass seeds, including 
the cereal grains, is unusual in that the 


epicotyl is completely covered over by a 
sheath called the coleoptile, and the radi- 
cle is likewise covered by a sheath called 
the coleorhiza. The coleoptile is generally 
interpreted as a modified first leaf (after 
the cotyledon) of the embryo; the coleo- 
rhiza may perhaps represent a modified 
rootcap. 

During its early stages, the embryo of 
a developing ovule becomes differentiated 
into a basal stalk, or suspensor, attached 
at the micropylar end of the embryo sac, 
and a terminal body which becomes the 
proper embryo of the mature seed. ‘The 
suspensor may be slendcr and few-celled, 
or massive and multicellular. In either case 
it tends to degenerate as the seed matures, 
and it is represented in the ripe seed, if 
at all, by a mere remnant at em sod of 
the radicle. í las NO EVIC 
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The armies nucleus formed in 
the embryo sac typically develops by a 
series of mitotic divisions into the endo- 
sperm, a triploid food-storage tissue in 
the seed. Often, however, the endosperm 
degenerates before the seed is mature, and 
the food is stored in some other part of 
the seed. In peas, garden beans, peanuts, 
and other legumes, for instance, thc food 
is stored chicfly in the thickcned cotyle- 
dons. In most members of the Caryophyl- 
lales, including carnations and beets, the 
nucellus develops into a food-storage tissue 
called the perisperm. Perisperm is similar 
in appearance to endosperm, and the two 
can be distinguished only by careful de- 
velopmental study or chromosome counts. __ 
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The food stored in a sced includes 
proteins, carbohydrates, and fats, the pro- 
portions varying with ane SPECI The 
seeds of | , 









endospcrm of corn has a hard, horny 
part, with a fair amount of protein, and 
a softer, starchy part, with a high propor- 
tion of starch; next to the seed coat and 
pericarp, these two regions give way to 
the aleurone laycr of endosperm, which 
is only one ccll thick and is largely filled 
with protein. In sweet corn much of the 
carbohydrate of the endosperm remains 
as sugar instead of being converted into 
stareh. 


GERMINATION 


INTRODUCTION 


Mature seeds of most kinds of plants 
normally undergo a rest period before de- 
veloping into new plants. During its u 
stages of growth, 



















~e Te O un e rest period varies 
according to the species and the environ- 
mental conditions. In mangroves (Rhizo- 
phora) there is essentially no rest period, 


and the seed begins to germinate while 


still attached to the placenta of the ovary. 
The hypocotyl becomes about a foot long 
and an inch thick before the developing 
embryo falls from the tree and plants itself 
in the soft mud (Fig. 32.11). Many kinds 
of seeds will germinate soon after the 
proper environmental eonditions are pro- 
vided, whereas others must undergo in- 
ternal changes over a period of time before 
they are responsive to environmental eon- 
ditions favoring germination. 


CONDITIONS REQUIRED FOR GERMINATION 





Seeds ordinarily have a relatively low 
water content, and the physiological 
processes necessary for germination occur 


Fig. 32.11 Development of man- 
grove seedlings. (Photo courtesy of 
the Field Museum of Natural His- 
tory.) 
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only when the proportion of water is 
increased. Most seeds germinate best when 
the moisture content of the soil is near 
the field capacity, but some seeds can 
absorb enough water to support germina- 
tion even when the water content of the 
soil is near the permanent wilting per- 
centage. 

Germinating seeds respire rapidly, and 
a supply of oxygen is necessary. In garden 
peas and some other kinds of seeds, the 
seed coat is relatively impervious to oxygen 
even when wet, and growth during the 
early stages of germination is supported 
largely by anaerobic respiration. Even seeds 
of this sort eventually need oxygen, how- 
ever, and aerobic respiration becomes 
dominant as soon as the seed coat is rup- 
tured by the growth of the embryo. 

The optimum temperature for ger- 
mination varies according to the species 
and the environmental conditions. For 
any species there is a maximum and a 
minimum above or below which germina- 
tion will not occur. The minimum for 
wheat is only a little above the freezing 
point, and the maximum is about 35°C. 
The maximum and minimum for corn, a 
species of subtropical origin, are about 10° 
above those for wheat. 


The effect of light on germination 
differs in different species. Many kinds of 
seeds, especially those of various epiphytes, 
require light. Some others, including those 
of numerous grasses, germinate better 
when exposed to light than when kept in 
total darkness. Germination of many other 
kinds of seeds, such as those of onion and 
some other members of the lily family, 1s 
retarded or prevented by light. The effect 
of light may also vary according to other 
environmental conditions and the past his- 
tory of the seed. Seeds of some species of 
bluegrass (Poa) which ordinarily respond 
favorably to light are indifferent to it after 
a period of dry storage. 

The influence of light on seed germi- 


nation 1s exerted through the phytochrome 
pigments, which are discussed in Chap- 
ter 33. 


DORMANCY 









ds of many plants fail 
ninate even under sani environ- 
| = dition . Such seeds are said to 
mant. Dormancy may be due to any 
of severa ae ors, alone or in combination. 


“The most common of these are: (1) seed 


coat impervious to water, or oxygen, or 
both; (2) seed coat mechanically resistant 
to expansion of the embryo; (3) rudi- 
mentary or immature embryo; (4) neces- 
sity for further physiological changes 
(after ripening) in a fully developed em- 
bryo; and (5) the presence of chemicals 
which inhibit germination. 

The seed coats of clover, alfalfa, 
morning-glory, and many other plants are 
at first Impervious to water and probably 
to oxygen as well. The seed coats of 
many other plants, including a number of 
common weeds, such as redroot (Amaran- 
thus retroflexus), are permeable to water 
and oxygen, but so firm that the embryo 
cannot expand. A bony endocarp or peri- 
carp, such as is found in drupes and nuts, 
may have the same effect as a hard seed 
coat. 

Under natural conditions seeds with 
impervious or very firm coats cannot ger- 
minate until the coat has softened. ‘The 
softening may result from decay, from 
partial digestion in the alimentary tract 
of an animal, from changes in the colloidal 
structure of the cell walls caused by re- 
peated wetting and drying, from mechani- 
cal rupture of the cells by freezing and 
thawing, or from any combination of these 
factors. Dormancy of seeds with hard or 
impervious coats can also be broken by 
cracking or deeply scratching the seed coat, 
a process known as scarification. Sulfuric 
acid is also used for scarification, but the 
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treatment must be carcfully controlled to 
avoid damaging the embryo. 

In many kinds of plants the embryo 
does not develop as rapidly as the rest of 
the seed, so that the embryo in the “ma- 
ture” seed is still immature. Many mem- 
bers of the buttercup family, in particular, 
have only rudimentary embryos in the 
newly ripe secds, and in orchids the em- 
bryo often consists of only a few scarcely 
differentiated cells when the seed is shed. 
Such seeds are dormant—i.e., they will not 
germinate until the cmbryo has had time 
to develop more fully. 













and will not germinate when newly ripe, 
even if the sced coat is removed and all 


external conditions are favorable. Apple, 





peach, hawthorn, iris, basswood, ash, dog- 
wood, hemlock, and pine are familiar 
examples. Most seeds which require a sig- 
nificant afterripening period normally ger- 


4 


minate in the spring, after having lain on 
the ground all winter. Under controlled 
conditions, afterripening can often be has- 
tened by exposure to low temperatures, or 
by repeated alternation of high and low 
temperaturcs, thus compressing into a short 
time some of the environmental changes 
to which the seed is normally exposed dur- 
ing the dormant period. The actual temper- 
atures used vary with the species. 

The kinds of physiological change 
that occur in the seed during afterripening 
evidently differ in different species. In 
many cases, such as iris, a particular chemi- 
cal which inhibits germination must degen- 
erate, although some other changes may be 
necessary as well. Germination inhibitors 
occur in the fruits of some plants, as well 
as in the seeds. Tomato juice inhibits the 
germination of tomato seeds and many 
other secds, even when considerably di- 
luted with water. 

Different sceds of the same species 





Fig. 32.12 Results of an experiment on seeds of Rosa rubiginosa. The seeds in the row at 
the left had been stored dry. Those in the other rows had been stored in moist sand for 
six months, at the temperatures indicated, then planted in this flat in a greenhouse. (Photo 
courtesy of the Boyce Thompson Institute for Plant Research.) 
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often differ in the length of dormancy. A 
single crop of seeds from a desert annual 
will commonly produce some seedlings 
each year for several years. The survival 
value of this variation among seeds is evi- 
dent, since otherwise a single bad year with 
insufhcient spring rains might wipe out 
all the annual plants in a large region. 
Many common weeds show a similar vari- 
ability in the length of dormancy. The 
gardeners’ aphorism, “One year’s seeding 
is seven years’ weeding,” has a solid founda- 
tion in fact. 

Differences in the physiological re- 
quirements of the embryo, as well as in 
the strength and permeability of the seed 
coat, contribute to the differences in dor- 
mancy of seeds. One of the two seeds in a 
cocklebur (Xanthium strumarium) usually 
germinates the first spring after maturity, 
while the other remains dormant another 
year. The seed coat of cockleburs is rela- 
tively impermeable to oxygen, and the two 
seeds differ in the concentration of oxygen 
required for germination. 


LONGEVITY OF SEEDS 


The life span of seeds varies from a 
few weeks to a thousand years or more, de- 
pending on the species and the environ- 
mental conditions, but is seldom more than 
a few decades. Seeds of silver maple (Acer 
saccharinum) ordinarily gcrminate soon 
after they are shed (in June), and the 
seeds which do not find suitable conditions 
for germination die as soon as the water 
content drops from an original figure of 
nearly 60 percent to about 30-34 percent. 
In nature this often happens within a few 
weeks. 

Seeds of most of our common crop 
plants live only one or a few years under 
ordinary conditions of storage. When the 
seeds are stored at low temperatures and 
low concentrations of oxygen, respiration 
and other physiological processes leading to 


deterioration are slowed down, and the vi- 
ability may be prolonged sevcralfold. 

In general, sceds with firm hard coats 
live longer in ordinary storage than other 
seeds. The longevity of such seeds is doubt- 
less due in part to the low concentrations 
of oxygen available to the embryo, but the 
embryo may also be inherently longer- 
lived, as a reciprocal adaptation to the long 
period of dormancy enforced by the seed 
coat. The record for longevity is held by 
the Oriental lotus, Nelumbo nucifera, a 
member of the water-lily family with large 
seeds enclosed in a very hard, dry pericarp. 
A seed collected in 1703 was taken from an 
herbarium specimen in 1940 and germi- 
nated. Viable seeds found deep in a peat 
deposit in Manchuria appear to be about 
1000 years old by radiocarbon dating. Frag- 
ments of wood associated with viable Ne- 
lumbo seeds found 20 feet underground in 
Japan have been radiocarbon-dated as 
about 3000 years old. 

Legumes, which often have a very 
hard seed coat, are notoriously long-lived, 
although they are not known to approach 
the record of Nelumbo. Seeds of a South 
American species of Cassia (a legume) col- 
lected in 1776 were successfully germinated 
158 years later, in 1934. The true age of 
viable Lupinus seeds from Canada that 
were reported to be 10,000 years old is yet 
to be adcquately established. 

Reports of germination of seeds re- 
covered after thousands of years of storage 
in Egyptian pyramids have not been veri- 
fied and are more nearly in the category 
of Barnumesque promotion than scientific 
record. 

In 1879 the late Professor W. J. Beal 
of Michigan Agricultural College (now 
Michigan State University) began a con- 
tinuing experiment on longevity of seeds. 
Seeds of 20 species of common plants were 
mixcd with sand and buried in the soil in 
inverted open bottles. At intervals of 5, and 
later 10 years, a bottle was dug up and the 
seeds tested for germination. After 90 years, 
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in 1970, only moth mullein (Verbascum 
blattaria) still showed some germination, 
and it appeared to be approaching the end. 
In 1960 it showed 70 percent germination, 


but in 1970 it had dropped to about 20 


percent. The principal results of the ex- 
periment are shown in Fig. 32.13. 


The causes of death of the embryo in 
stored seeds are only partly understood. 
Death commonly occurs long before the 
food supply is exhausted and while the di- 
gestive enzymes are still fully potent. Loss 
of water evidently kills somc short-lived 
seeds but docs not otherwise scem to have 
much significance, and long-lived seeds 
commonly have an initially low water con- 
tent. Seedlings from old seeds resemble 
those from heat-treated or irradiated seeds 
and show similar aberrations in nuclear 
structure, but this is an expression of the 
deterioration, rather than its cause. 








Therefore it may be surmised that 
senescence and death of the embryo in 
seeds are due to the same factors which 
cause senescence and death of cells in gen- 
eral: physiological imbalances associatcd 
with the accumulation of waste materials. 
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THE GERMINATION PROCESS 


Under appropriate environmental con- 
ditions, absorption of water by the seed 
triggers the series of changes resulting in 
the development of the seedling. ‘The em- 
bryo respires rapidly and begins to grow, 
drawing on the food that has been stored 
in the seed. In endospermous seeds, the 
embryo produces digestive enzymes which 
migrate out into the endosperm and de- 
compose it. Cell walls, protoplasm, and 
granules, crystals, and globules of stored 
food are all attacked. The digested mate- 
rials are absorbed by the cotyledons and 
passed on to the rest of the embryo as 
needed. In seeds without endosperm, the 
digestion of the endosperm and absorption 
of food by the cotyledons have generally 
occurred before the seed was ripe, and a 
similar breakdown now goes on in the 
cotyledons; eventually the cotyledons shriv- 
el and degenerate or fall off, although thcy 
are not resorbed to the same degree as the 
endosperm. In either case, the cells of the 
endosperm (or perisperm) degenerate con- 
comitantly with the absorption of food by 
the cotyledons. 

The cells of the embryo are relatively 
small before germination, and most of the 
growth, especially the early growth, during 
germination results from cell enlargement 


80 90 


Fig. 32.13 Longevity of 
seeds in Beal’s experiment. 
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without cell division. The stored food avail- 
able to the embryo contains proteins, car- 
bohydrates, and fats. The proteins are 
used mostly in the formation of protoplasm; 
much of the wall material from the endo- 
sperm is reeonverted into cell walls; the 
fats and the remainder of the carbohy- 
drates are largely respired. 

The first part of the embryo to emerge 
from the seed coat is generally the radicle. 
Emergence of the radicle may be due to 
elongation of the radicle itself, or to elonga- 
tion of the hypocotyl, after which the radi- 
cle begins to grow. The radicle is positively 
geotropic, and soon turns down in its 
growth, regardless of its initial orientation. 

The radicle regularly becomes the pri- 
mary root, and the epicotyl becomes the 
primary shoot, but the functions of the 
hypocotyl and cotyledons differ in ditter- 
ent kinds of. seed 


nains of the 


1e ground. 


Cotyledons 7 ae are a Coah above the 
ground in germination may thereafter func- 
tion for some time as ordinary leaves, as in 
castor beans, or they may show little or no 
photosynthetic activity and soon fall off, 
as in garden beans. — 








e hypocotyl, if it elongates at all, 
commonly first appears above the ground 
as an upside-down U, attached at one end 
to the developing radicle, and at the other 
to the cotyledons and epicotyl. ‘The hypo- 





cotyl then gradually straightens out and 
pulls the cotyledons and epicotyl above the 
ground. In epigaeous seeds with endo- 
sperm, the cotyledons are commonly still 
encased in the endosperm and seed coat 
when they first come up. 

Three or four species are commonly 
studied to illustrate the various types of 
seed germination. Corn and other grasses 
are hypogacous. The hypocotyl remains 
very short and does not emerge from the 
ground. The single cotyledon absorbs food 
from thc endosperm, passing it on to the 
remainder of the embryo. The radicle, 
covered by the coleorhiza, is the first part 
of the embryo to emerge from the seed. 
Soon after its emergence from the grain, 
the radicle breaks through the coleorhiza, 
which plays no further part in germination; 
the radicle goes on to become the primary 
root. Shortly after the appearance of the 
radicle, the epicotyl emerges, still covered 
by the coleoptile. The coleoptile pushes 
above the surface of the ground, becoming 
green and photosynthetic. Soon it is rup- 
tured at the tip by the first ordinary leaves 
that develop from the epicotyl. Mean- 
while, adventitious roots develop from the 
hypocotyl and cventually from the base of 
the stem. The primary root is relatively 
short-lived, and long before the plant 1s 
mature, the root system is wholly adven- 
titious. The endosperm is largely broken 
down and absorbed during germination, 
the remnants, as well as the pericarp, even- 
tually decay. The cotyledon persists for 
some time after the seedling has become 
established, but later it, too, degenerates 


and disappears. 
Garden peas are also hypogacous, but 


there is no endosperm, the food being 
stored in the large, thickened cotyledons 
which make up most of the embryo. The 
hypocotyl remains short and the cotyledons 
do not come above the ground. The radi- 
cle is the first part to emerge from the 
seed coat, after which the plumule appcars 
and develops into the shoot. The cotyle- 
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dons soften and degenerate as the food is 
withdrawn from them by the developing 
seedling; eventually they decay and dis- 


appear. 
Garden beans (Fig. 32.14) are epi- 


gaeous, without endosperm. The radicle 
emerges first, becoming the primary root. 
The hypocotyl then elongates, coming 
above the ground as an inverted U. 
Straightening of the hypocotyl then pulls 
the cotyledons and epicotyl above the 
ground. The cotyledons, by now consider- 
ably shrunken, spread apart, revealing the 
epicotyl, which gives rise to the shoot. The 
cotyledons become faintly green, and may 
carry on a small amount of photosynthesis, 
but they soon fall off. 
Castor beans are epigaeous, with endo- 
sperm. There is a large caruncle at the mi- 
cropylar end of the secd, through which 





Fig. 32.14 Germination of bean 
seeds. (From W. H. Brown, The 
plant kingdom, copyright 1935 
and 1963; courtesy of Ginn & 
Company, Boston.) 


water is absorbed, especially during the 
early stages of germination. The radicle is 
the first part of the embryo to emerge from 
the seed coat; it is followed by the hypo- 
cotyl, which comes up above the ground 
and pulls up the cotyledons and epicoty], 
just as in the garden bean. At the time the 
cotyledons are pulled above the ground, 
they are still encased by a considerable 
remnant of the endosperm, which in turn 
is partly covered by the broken remains of 
the seed coat. The cotyledons spread apart, 
and auy unused part of the endosperm 
falls off along with the seed coat. The 
cotyledons then expand considerably and 
become green, acting as normal leaves, 
although they are differently shaped from 
the first leaves that develop from the epi- 
cotyl. 
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Pa., 1943, 353 pp. A beautifully written 
book which might be recommended as col- 
lateral reading for almost any chapter of 
this text. 
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ANGIOSPERMS: = 
GROWTH AND MOVEMENT 


English ivy, Hedera helix, one branch of which has reverted to the juvenile climbing form 
after the plant was treated with gibberellic acid. Note the adventitious roots on the 


juvenile branch. (Photo by E. N. Mitchell, courtesy of William J. Robbins, New York 
Botanical Garden.) 


SAWS 





THE NATURE OF GROWTH 


CHARACTERISTICS 


Increase in size or weight due to the 
formation of new protoplasm is called 
growth. Part of the increase may result di- 
rectly from the absorption of water, or from 
the formation of cell wall materials, insofar 
as these changes also depend indirectly on 
the formation of new protoplasm. When 
the increase is not related to the formation 
of new protoplasm—as, for example, when 
a plasmolyzed cell returns to normal size 
and weight on being provided with water— 
it is not considered to be growth, as the 
term is used by biologists. 

Growth is reflected, and can in part 
be measured, by incrcase in the amount of 
protoplasm in the cell, increase in the vol- 
ume of the cell, extension of the cell wall, 
increase in the mass of the cell wall (e.g., 
by the formation of a secondary wall), and 
increase in the number of cells. All these 
increases are involved in the growth of any 
tissue or organism, but, in a given cell over 
a short period of time, any one may be 
much more prominent than the others. 

Growth is ordinarily permanent and 
irreversible, as long as reasonably normal 
conditions are maintained. Under starva- 
tion conditions some of the protoplasm it- 
self may be respired, however, so that 
there is a net loss of weight. Volume of the 
cell, as an indicator of growth, must be 
measured under constant environmental 
conditions to avoid differences in turgor. 
The volume of the bulliform cells found in 
the leaves of many grasses varies greatly 
with the turgor, and these changes are 
neither growth nor loss of growth. Less 
extreme variation of the same sort occurs 
normally in other cells. 


SOME CHEMICAL ASPECTS OF GROWTH 


Growth, like life itself, depends on a 
delicately balanced set of simultancous and 
serial chemical processes. The chemical 


processes, in turn, depend on substances 
produced in the cell, on substances which 
migrate into the cell, and on environmental 
conditions. Changes in any of these gov- 
erning factors affect the rate or nature of 
growth. 

Most or all of the constituents of a 
protoplast are simultaneously involved in 
several or many chemical reactions, and 
two adjacent molecules of the same sub- 
stance have quite different histories and 
fates. As an aid to understanding, we try 
to distinguish individual processes, and we 
are delighted when a balanced equation 
can be devised to express a reaetion; but 
even these oversimplifications are often 
dificult to achieve. Some processes oc- 
curring in the cell can be duplicated in the 
test tube, but others, which require the 
complex and precisely balanced conditions 
of the cell itself, can be only roughly ap- 
proximated or cannot even be approached. 
In spite of these difficulties, great progress 
has been made in the last sevcral decades; 
and it is in the field of thc relation of cell 
chemistry to growth that some of the most 
exciting biological, discoveries are to be 
expected in the next several decadcs. 

The patterns and changes in growth 
result from changes in the dynamic bal- 
ance of interacting substances which make 
up the protoplasm. Any change in the pro- 
portion of a particular protoplasmic con- 
stituent has a chain of consequences, shift- 
ing the point of equilibrium for some 
other chemical reaction, which in turn 
causes other changes, etc. Any cnviron- 
mental change affects the chemical proc- 
esses of the protoplasm unequally, thus 
shifting the balances and causing further 
changes. Some parts of the system are 
relatively stable; others arc easily modified. 
Changes in some protoplasmic constitu- 
ents have only minor effects on the equilib- 
rium, whereas minute changes in the 
amount or distribution of others have pro- 
found effects. A by-product of some chemi- 
cal reaction involved in growth may gradu- 
ally accumulate, without significant effects, 
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until it reaches a threshold level and shifts 
some important balance. 

In addition to making their own food, 
most green plants can make all the other 
organic substances they need. Only the in- 
Organic raw materials—water, carbon diox- 
ide, and various minerals—must be sup- 
plied. Individual parts of the plant, on the 
other hand, are generally not self-sufficient. 
Even when provided with food and raw 
materials, they usually need minute 
amounts of complex substances produced 
elsewhere in the plant. Comparable sub- 
stances in animal physiology can be classi- 
fied as vitamins, which the animal cannot 
make and must eat, and hormones, which 
are made in particular parts of the orga- 
nism—often in highly specialized, well- 
defined glands—and are carried in the 
blood stream to all parts of the body. 

The distinction between vitamins and 
hormones in plants is not easy to make. 
Some animal vitamins are equally neces- 
sary for plants and are made by the plant 
itself, though not in equal amounts in all 
tissues. One tissue may make an excess, 
another may be barely self-sufficient, and 
another may be wholly dependent on a 
supply which migrates in from other tis- 
sues. Some of the necessary substances are 
strongly migratory, yet they are produced 
in tissues which have other functions as 
well, rather than in specialized glands as 
in animals. 

Among the natural plant substances 
which occur in small quantities but have 
pronounced effects on growth, it is cus- 
tomary to apply the term hormone to dis- 
tinctly migratory compounds, and the term 
vitamin to less migratory compounds, es- 
pecially if these latter have similar effects 
in all parts of the organism, or if they are 
necessary for continued survival of the 
cells even without true growth. The dis- 
tinction between the two classes is’ not at 
all sharp, and a vitamin to one botanist 
may be a hormone to another. The non- 
commital term, growth-regulating sub- 
stance, is often used to avoid this problem. 


‘ 


SoME DEVELOPMENTAL ASPECTS OF GROWTH 


One of the greatest wonders of growth 
is that it is so precisely regulated. ‘The or- 
ganism starts as a single cell, which grows 
and divides. Before very many divisions 
have occurred, the cells begin to differen- 
tiate from each other, both in their imme- 
diate qualities and in their potentialities 
for further growth. They all have the same 
basic heredity (all coming eventually from 
the same zygote), and the environmental 
differences between two adjacent cells 
would not seem to be very great, yet the 
cells do become different, and different in 
a consistent pattern which is repeated in 
individual after individual. 

The factors controlling the initial dif- 
ferentiation of the cells of the embryo are 
still obscure. Presumably, growth-regulat- 
ing substanees produced by the surround- 
ing tissues of the ovule reach different parts 
of the embryo in differing amounts, and 
these slight differences shunt the cells into 
different paths of development. 

By the time the cotyledons, epicotyl, 
and hypocotyl can be recognized, the em- 
bryo has its own internal system of growth 
regulation, although growth regulators 
from the surrounding tissucs of the ovule 
may still be required for some time. Later 
in its development the embryo depends 
on the surrounding tissues only for food. 
By careful manipulation, the embryo can 
then be removed from the young seed and 
cultured on a nutrient medium, finally de- 
veloping normally into a mature plant. 

Unlike mammals and many other ani- 
mals, angiosperms and most other multi- 
cellular plants continue to grow nearly 
throughout the life of the organism. Some 
parts of the plant may die and decay while 
other parts are still growing, so that the 
total size or weight of perennial herbs may 
not continue to increase indefinitely; and 
periods of growth may be interrupted by 
periods of dormancy. But growth is a nor- 
mal and regular part of plant metabolism, 
and a plant which stops growing soon 


either goes into dormancy or dies. Dor- 
mancy cannot be prolonged indefinitely, at 
least under natural conditions, and a dor- 
mant plant sooner or later either resumcs 
growth or dies. Vegetative activity is so 
closely linked with growth that the part 
of the year when plants are vegetatively 
active is called the growing season. The 
length of the growing season varies with 
the kind of plant as well as with the lo- 
cality and the year. 

The different parts of a plant do not 
always grow at the same time and relative 
rate. Water absorption is largely limited to 
the younger parts of the root, and root 
erowth continues throughout most or all 
of the growing season. Most woody plants 
of temperate regions have a short period 
in the spring and early summer during 
which the leaves are produced and the 
stems elongate. After the leaves have ex- 
panded, the stem increases rapidly in thick- 
ness for a time, and then more slowly for 
the rest of the growing season. The tulip 
tree (Liriodendron tulipifera) of the east- 
ern United Statcs betrays its tropical an- 
cestry by continuing to produce new leaves 
all season long, shedding the earlier ones 
progressively throughout the summer. In 
some plants, especially annuals, the fruits 
and young seeds grow rapidly after growth 
in the rcst of the plant has virtually ceased. 

The differentiation of cells and tissues 
in highcr plants is not so absolute as in 
higher animals, and parenchyma cells as 
well as meristematic cells are often said to 
be totipotent, i.e., to have the capacity to 
change into any other kind of cell, or to 
divide to produce any other kind of cell. 
Other kinds of plant cells, once they are 
mature, do not so readily revert to an un- 
differentiated type, nor do they ordinarily 
produce different kinds of cells by division. 
Under unusual conditions, however, ma- 
ture plant cells of other types do sometimes 
revert to an unspecialized condition and 
become totipotent. If a flax scedling is cut 
off just below the cotyledons, the mature, 
cutinized epidermal cells of the hypocoty! 
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will become meristematic, organizing into 
a bud and finally giving rise to a normal 
shoot. 

The size of higher plants is much 
more subject to environmental control 
than is that of higher animals such as mam- 
mals. Even under reasonably normal con- 
ditions, the larger individuals of an angio- 
sperm are commonly three or four times as 
tall as the smaller ones. Some of our com- 
mon weeds, such as tumbling mustard 
(Sisymbrium altissimum), may mature and 
set seed when only an inch or so high, 
under unfavorable conditions, but reach a 
height of 3-4 feet under more favorable 
ones. The famous Ming trees of China, 
which matured when only a foot or so 
tall, were merely carefully tended starve- 
lings of ordinary species, as are the more 
recent Bonsai of Japan. The pitch pine 
(Pinus rigida), which reaches a height of 
20 m under favorable conditions, appears 
to be mature when only about 1 m high 
in the more sterile parts of the New Jersey 
pine barrens (Fig. 33.1). There is an 1n- 
herent limit to the potential size of each 
plant of any kind, but it may fall far short 
of this limit and still appear reasonably 
normal. 

It is a common observation that the 
age and degree of maturity of a plant in- 
fluence the nature of its growth. We have 
seen in Chapter 31 that the production of 
flowers is strongly influenced by the en- 
vironmental conditions, but the age of the 
plant is also an important factor, woody 
plants seldom flower until they are several 
(or even many) years old. In many kinds 
of plants juvenile foliage is markedly dif- 
ferent from mature foliage. Angiosperms 
with compound leaves at maturity often 
produce simple leaves at first; the garden 
bean is a familar example. The common 
harebell (Campanula rotundifolia) pro- 
duces short, rounded leaves at the base of 
the stem, and long, narrow leaves else- 
whcre (Fig. 33.2). Most junipers have very 
small, appressed, scale-like leaves at ma- 
turity, but the leaves produced during the 
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Fig. 33.1 Dwarf forest of pine and oak in the inner pine barrens of New Jersey in April, 





1963, before the oaks have leafed out for the year. This spot was last burned in 1947. The 
ultimate height of these trees, if protected from fire, is uncertain. 


first several years are more spreading and a 
little longer, suggesting the leaves of other 
conifers. Young pine seedlings have the 
leaves spirally arranged on the stem, in- 
stead of clustered on short spur shoots as 
they are later. 

The transition from one type of 
growth to another may occur at any age, 
depending on the kind of plant, and can 
often be hastened or delayed by environ- 
mental factors. Under conditions of deep 
shade and high moisture, harebell contin- 
ues to produce juvenile leaves for some 
time, and flowering and fruiting are de- 
layed. Mature plants of English ivy bear 
inflorescences on erect, stout branches 
which do not have the adventitious roots 
that enable ordinary branches to cling to 
a wall. Cuttings made from these flowering 
branches form upright, branching shrubs 
or small trees, habitally quite different 
from the ordinary climbing plants. Seed- 
lings from these erect plants are of the 
usual climbing type, however. 


Change from one type of growth to 
another may be permanent and irrever- 
sible, may be subject to modification or 
reversal by the environment, or may be 
inherently cyclic. Each vegetative shoot of 
sourwood (Oxydendrum arboreum) termi- 
nates in an inflorescence each year, but 
flowering can be indefinitely postponed in 
some other plants by an oversupply of ni- 
trogen or by other factors, as noted in 
Chapter 31. The first leaves of a cotton 
plant are mostly ovate and entire; those 
near the middle of the stem are larger and 
palmately lobed; and the uppermost ones 
resemble the lowermost ones. Leaves occu- 
pying intermediate positions are interme- 
diate in size and shape. Here it is the posi- 
tion on the stem which primarily governs 
the shape and relative size of the leaf, but 
the reasons for this position effect are still 
obscure. 

Morphogenesis (the development of 
form) reflects to a large extent the fre- 
quency of mitoses in differing parts of the 
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Fig. 33.2 Harebell (Campanula rotundifolia), 
showing very different basal and cauline leaves. 


organ or organism, and the orientation of 
the spindle (and thus eventually the parti- 
tion) in the dividing cells. ‘The biochemi- 
cal factors which control these processes 
are now under intensive investigation. 


GROWTH-REGULATING 
SUBSTANCES 


During the past several decades a great 
deal of attention has been devoted to plant 
growth-rcgulating substances. Most of 
those now known can be classified as 
abscisic acid, auxins, ethylene, gibberellins, 
kinins, lactones, and phytochrome, but 
other kinds also exist. Each of these sub- 
stances has complex and varying effects on 
growth, depending on the kind of plant, 
the part of the plant to which they are 
supplied, other internal conditions in the 
plant, and the environmental conditions. 
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The interactions among growth-regu- 
lating substances may be compared to the 
way grades are detcrmined by college pro- 
fessors. Tests, reports, classroom discussion, 
and laboratory work are important, inter- 
acting factors in the determination of 
grades. One professor may place more em- 
phasis on tests, another on reports, etc., 
but still take some account of the other 
factors, or he may emphasize two of the 
factors and disregard or downgrade the 
others. The professor in a large lecture 
course may dispense with reports and class- 
room discussion entirely, and base his 
grades solely on test results. Still another 
professor must, to judge by the results, 
emphasize heavily some other factor whose 
nature is unknown to the student and 1s 
subject to much speculation. 

Probably each of the sevcral plant 
growth-regulating substances is a catalyst 
(or, conversely, inactivates a catalyst) for 
some one or few chemical reactions in the 
protoplasm, setting off (or blocking) a 
chain of other reactions, each depending 
on the previous one. Such a series of reac- 
tions may be interrupted at any point or 
shunted in a new direction, depending on 
the environmental conditions and the other 
substances in the protoplasm. The cells of 
the root do not necessarily respond to a 
particular growth-regulating substance in 
the same way as those of the stem, and 
the effects of a growth regulator may be 
different in the light and in the dark, or 
even at different temperatures. 


We do not know the precise chemical 
action of most growth-regulating sub- 
stances. Our information is largely limited 
to their effects on particular organs of par- 
ticular kinds of plants under particular en- 
vironmental conditions. Some kinds of 
effects occur often cnough to permit gen- 
eralizations, but these generalizations are 
subject to exceptions or difficulties in in- 
terpretation, and even horticultural vari- 
eties of one species may respond differently. 
These difficulties are entirely expectable. 
All differences among cells, tissues, organs, 


648 INTRODUCTORY BOTANY 


individuals, and taxonomic groups are, in 
the last analysis, expressions of chemical 
diffcrences. 

The auxins are the best known and 
possibly the most important plant growth- 
regulating substances. The principal natu- 
ral auxin is indole-3-acetic acid (often ab- 
breviated JAA), and this is usually the 
substance now intended when auxin is 
referred to without further qualification. 
A scries of minor chemical variants with 
similar physiological action, which have 
been isolated from some plants, are prob- 
ably readily interconvertible with IAA in 
the cells. IAA occurs not only in higher 
plants, but also in bryophytes, algae, and 
fungi. A number of synthetic compounds 
related to IAA have more or less similar 
effects, varying in detail. 

Auxins are most abundantly produced 
in the meristematic region of the shoot. 
They are also formed in root tips, leaves, 
and sometimes other parts of the plant, 
migrating through the cells so that they 
are present in all living tissues. Those pro- 
duced in the shoot tip move principally 
downward toward the root; those produced 
in the leaves move toward the stem; and 
those produced in the root tip move up- 
ward toward the stem. Lateral movement 
of auxins is much slower than longitudinal 
movement, and any destruction or inter- 
ruption of flow along one side of a stem, 
for example, is reflected in a lower concen- 
tration of auxin along that side for some 
distance below. Sometimes auxins appa- 

















H 
| 
EN | 2. 
H—C C C-C-C 
LO 
H OH 
aE C C-H 
7 N 
i NE 


Fig. 33.3 Structural formula of indole-3-acetic 
acid (natural auxin). 


rently move as inactive chemical precur- 
sors or bound forms, rather than as active 
auxins. The actual quantities involved are 
minute, even in the shoot apex, where the 
concentration is generally only a few parts 
per million. 

An optimum concentration of auxin 
generally stimulates growth, especially elon- 
gation, of cells, but the optimum varies 
widely in different tissues and under differ- 
ent conditions. Growth of lateral buds is 
strongly inhibited by concentrations which 
are normal for the growing apical meristem. 
Experimental evidence suggests that the 
concentrations normally present in growing 
shoot tips and root tips are near the opti- 
mum for cell division in these tissues but 
are too high for much cell elongation. The 
lesser concentration in the region of elon- 
gation favors cell elongation but is not 
enough to stimulate division. 

Apical dominance has been thought to 
be due largely to the effect of auxins pro- 
duced in the terminal bud. In many spe- 
eies of plants, the lateral buds mostly re- 
main undeveloped as long as the terminal 
bud is present; or, if the lateral buds do 
develop, the shoots grow laterally or at an 
angle, rather than erect. If the terminal 
bud is cut off, usually one, or more, of the 
upper lateral buds begins to grow, or a 
lateral branch turns upward, re-establishing 
an apical dominance which inhibits or 
governs the growth of other lateral buds 
and branches. Apical dominance can be 
maintained even after removal of the ter- 
minal bud, if a suitable amount of auxin 
is applied to the cut tip. However, in at 
least some species the amount of auxin 
which must be supplied is so much greater 
than the amount normally produced that 
some other factor(s) must also be involved 
in maintaining apical dominance under 
natural conditions. 

The existence of auxins was discovered 
through a long series of studies by different 
botanists on the response of plants to light. 
The knowledge that plants turn toward 


the light in their growth probably ante- 
dates recorded history, but the first sig- 
nificant experimental studies were reported 
in 1880 by Charles Darwin in his book, 
The Power of Movement in Plants. He 
found that the coleoptile of canary grass 
(Phalaris canariensis) turns strongly to- 
ward the light, with the curvature occur- 
ring well below the meristematic tip. (The 
coleoptile is a modified leaf, characteristic 
of grass embryos, which forms a closed 
tube covering the epicotyl; it is the first 
part of the seedling to emerge from the 
ground.) If the coleoptile tip is covered 
with a small, light-proof cap, no bending 
occurs, even though the part which would 
otherwise curve is fully exposed. Darwin 
correctly concluded that the stimulus per- 
ceived by the tip is somehow transmitted 
to the lower part of the coleoptile. Experi- 
ments by the Danish botanist Peter Boysen 
Jensen (1883-1959) in 1910 and 1913 led 
him to suggest that the stimulus is trans- 
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Fig. 33.4 Frits W. Went (1903- 


), who com- 
pleted the proof of the existence of plant hor- 
mones during his first year as a graduate stu- 
dent at the University of Utrecht. 
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Fig. 33.5 Effect of a-naphthaleneacetic acid (an 
auxin-like synthetic compound) on a bean seed- 
ling. Above, chemical being applied to the seed- 
ling; below, same plant 24 hours later. (Photos 
courtesy of John W. Mitchell, Agricultural Re- 
search Service.) 


mitted by a chemical that 1s formed in the 
tip and migrates down into the region of 
bending. After several experiments by 
others which tended to support Boysen 
Jensen’s concept, the Dutch (now Ameri- 
can) botanist Frits W. Went (1903- _) 
spectacularly completed the proof in 1926 
by briefly culturing decapitated coleoptile 
tips of oats on blocks of agar, which he 
then applied to the coleoptile stumps in 
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various positions. Growth of the stump 
was always greatest on the side to which 
the agar block was applied, and when the 
block was symmetrically applied to the cut 
top, the coleoptile grew straight upward 
without bending. Went’s work opened the 
way for careful quantitative studies on the 
nature and effects of auxin, Oat coleoptiles 
have been much used in such experiments. 

Light is apparently destructive to 
auxin in meristems. The oat coleoptilc 1s 
similar in this respect to shoot tips in gen- 
eral, with a light-sensitive meristem above 
a light-insensitive region of elongation. The 
greatest destruction of auxin occurs on the 
side that receives the most light, and the 
auxin deficiency on that side cxtends well 
down into the region of elongation, be- 
cause the auxin moves much more rapidly 
downward than laterally. The darker side 
of the stem, having a more favorable con- 
centration of auxin, grows faster than the 
illuminated side, and the stem curves to- 
ward the light. 

Studies of the effeet of various wave- 
lengths of light on phototropism have 
focuscd attention on two pigments with 
very similar absorption spectra, g-carotene 
and riboflavin, as possible original receptors 
of the light stimulus. It has further been 
shown that in vitro the action of light on 
riboflavin triggers the chemical destruction 
of IAA. It scems likely that there is a com- 
plex balance in the protoplasm between 
IAA, riboflavin (or other similar flavins), 
and other substances, so that in certain 
cells under certain conditions light tends to 
destroy IAA through its effect on ribo- 
flavin, while under other conditions the 
destructive effect is inhibited by other sub- 
stances in the cell. Knowledge of the 
chemical actions involved is still so frag- 
mentary that we are much like the three 
blind men examining an elephant: the 
whole elephant cannot yet be perceived. 

In addition to the effects already 
noted, auxin influences the development of 
abscission layers (leading to the fall of 


‘ 


leaves, fruits, or other structures), adven- 
titious roots, flowers, and fruits. Even the 
burst of cambial growth in woody stems 
in the spring may possibly be set off by 
the auxin produced in rapidly growing 
buds. The effects of auxin vary in detail 
according to the species, the stage of 
growth, and the environmental conditions. 

Auxin produced in the leaf blade in- 
hibits abscission of the leaf. If the blade is 
cut off, or if it becomes inactive through 
senescence or for any other reason, the 
abscission layer matures and the leaf (or 
its remnant) falls off. Abscission can be 
prevented, however, by applying auxin to 
the debladed petiole. If the terminal bud 
is also cut off when the petiole is debladed, 
thus interrupting the supply of auxin from 
the stem as well as from the leaf blade, ab- 
scission is delayed. This has been inter- 
preted to mean that auxin reaching the 
petiole from the stem promotes abscission, 
whereas that from the blade inhibits it; but 
it may prove to mcan instead that matura- 
tion of the abscission layer occurs only 
within a narrow range of alixin concentra- 
tion: when the leaf is actively producing 
auxin the concentration is too high, but 
when the supply from the stem as well as 
from. the leaf is cut off, the concentration 
of auxin is too low for the abscission layer 
to mature. Abscission of flowers and fruits 
is governed in part by the same factors as 
that of leaves, and apple trees are often 
sprayed with auxin to prevent premature 
fruit drop. 

The effect of auxin in stimulating 
cuttings to produce adventitious roots has 
led to an important practical use of related 
synthetic compounds in commercial- and 
home-gardening practice. Cuttings of some 
kinds of plants (such as willows) root 
freely under natural conditions, some 
sparingly, and some not at all. Many spe- 
cles which do not ordinarily root well can 
be induced to do so by applying IAA or 
any of several synthetic chemicals. In prac- 
tice some of the synthetics, such as a-naph- 
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thaleneacetic acid, are more satisfactory 
than IAA, and such products are now 
widely sold in the United States. The old 
folk-belief that rooting is promoted by the 
insertion of a germinating wheat grain in 
a slit in the cutting turns out to be well 
founded, the effect being due to the auxin 
that spreads from the grain into the cut- 
ting. 

Natural and various synthetic auxins, 
or auxin-like compounds, are used to pro- 
mote flowering and fruiting, to retard fruit 
drop, to induce parthenogenetic fruiting 
(the fruits thus being seedless), to inhibit 
flowering, and for other purposes (Figs. 
33.6-33.8). In order to produce the de- 
sired result, without undesirable side ef- 
fects, the dosage must be adjusted to the 
particular crop, its degree of maturity, and 
the environmental conditions. ‘The 
amounts used in any case are relatively 
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Fig. 33.6 Effect of indole- 
butyric acid (an auxin-like 
synthetic compound) on cut- 
tings of holly. (Photos cour- 
tesy of the Boyce Thompson 
Institute for Plant Research.) 


Fig. 33.7 Effect of ®8-naph- 
thoxyacetic acid (an auxin- 
like synthetic compound) on 
fruit set in tomatoes. Left, 
fruit developed after normal 
pollination of an untreated 
flower, showing well devel- 
oped seeds. Right, fruit de- 
veloped without pollination, 
after chemical treatment. 
(Photos courtesy of the Boyce 
Thompson Institute for Plant 
Research.) 


small, ranging from about 10 to 200 or oc- 
casionally 500 parts per million in water. 
Several synthetic compounds related 
to JAA are used as weed killers. The most 
important of these is 2,4-D (2,4-dichloro- 
phenoxyacetic acid), which is readily ab- 
sorbed from sprays or dusts applied to 
leaves (Fig. 33.8). Relatively minute 
amounts of 2,4-D derange the physiology 
of most plants, especially the meristems, 
causing metabolic abnormalities, asym- 
metric growth, and death. Different kinds 
of plants differ in their susceptibility to 
2,4-D. Most monocots, especially grasses, 
are more resistant than most dicots, and 
most trees are more resistant than most 
broad-leaved herbs, but resistance also var- 
ies with the environmental conditions and 
the stage of growth, and even varieties of 
the same species may differ markedly. 
Auxin influences so many growth proc- 
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esses of the plant, in such a variety of ways, 
that during the 1940’s it was often mis- 
takenly regarded as the only plant growth 
hormone, or at least the only important 
one. It is now clear that there are a num- 
ber of other hormones, chemically not 
closely related to auxin, which also affect 
plant growth, although no one of these is 
known to be as ubiquitous and important 
as auxin. It appears, as might be expected, 
that every normal cell contains a number 
of growth-regulating substances, and that 
an increase or decreasc in any one of these 
changes the balance and affects the rate 
or nature of growth. 

The plant hormones which attracted 
the most attention in the 1950’s were the 
gibberellins, which occur in several slightly 
varying forms, gibberellic acid (Fig. 33.10) 
being one of the most common. Gibberellin 
was discovered in 1926 by two Japanese 
botanists studying the cause of the foolish- 
seedling disease of rice. Rice seedlings, 
when attacked by the fungus Gibberella 
fujikuroi, grow to two or three times their 
normal height and then die. The fungus 
produces substances, now called gibberel- 
lins, which promote growth of the shoot 





Fig. 33.8 Effect of 2,4-D. 
The broad-leaved plants 
(poison ivy and thistle) have 
been killed by spraying, but 
the grasses are not much af- 
fected. (Photo courtesy of the 
American Chemical Paint 
Company.) 


without corresponding development of the 
root, and the plant grows itself to death as 
the root system fails to meet the demands 
of the shoot. 

It is now known that gibberellin oc- 
curs naturally in many kinds of plants, and 
the foolish-seedling disease results merely 
from an excess. Like auxin, gibberellin in- 
fluences a wide variety of growth proc- 
esses, with varying effects according to the 
kind of plant, its stage of maturity, and the 
environmental conditions. 

The most common and obvious ef- 
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Fig. 33.9 Structural formula of gibberellic acid. 
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Fig. 33.10 Effect of gibberellin on Pelargonium. The plants were the same size at the 
start of the experiment. The one at the right received four applications of gibberellic acid 
at 2-week intervals; the one at the left received similar applications of plain water. (Photo 


courtesy of P. P. Pirone, New York Botanical Garden.) 


fect of gibberellin is to stimulate growth 
of the shoot, without corresponding growth 
of the root. Dwarf varieties of peas and 
beans, among other plants, grow as tall as 
ordinary varieties when treated with gib- 
berellin, although the natural gibberellin 
content of the dwarf plants is about the 
same as that of the normal tall ones. 
Another common effect of gibberellin 
is to lower the low-temperature threshold 
for growth. Lawns may thus be encouraged 
to turn green earlier in the spring by 
judicious treatment. Other effects of gib- 
berellin include breaking the dormancy 
of potato tubers and some kinds of seeds, 
promotion of early flowering and fruiting, 
the formation of parthenocarpic fruits, 
and, in a few cases, delay of flowering 
and fruiting. Gibberellin is widely sold in 
America and appears to have a bright 


future in agricultural practice, but the 
dosage and time of application must be 
earefully adjusted to each crop. 

The next plant growth-regulating sub- 
stance to command widespread attention 
was phytochrome. After a series of studies 
by U.S. Department of Agnculture bota- 
nists, beginning about 1934, it became evi- 
dent during the 1950’s that red light 
(about 660 nm) and far-red light (about 
730 nm) have opposite effects on a wide 
range of plant-growth phenomena. ‘The 
cffect can be reversed back and forth as 
many times as one wishcs by changing 
from one wavelength to the other. It was 
concluded that the effects must be due to 
an enzymatic pigment existing in two in- 
terconvertible forms. 

This pigment was isolated by a USDA 
group in 1959 and named phytochrome. It 
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is now known to be of widespread occur- 
rencc, from the algae to the flowering 
plants. In 1966 it was determined that 
phytochrome is a conjugated protein with 
a phycobilin-like prosthetic group consist- 
ing of an open-chain tetrapyrrol. he pros- 
thetic group exists in two alternative forms 
according to the wavelength of light to 
which it is exposed, just as had been pre- 
dicted. Red light converts most of the 
phytochrome to a form sensitive to far- 
red light (called Pfr), and far-red light 
causes the reverse change (forming Pr). 
The absorption spectra of the two forms 
are shown in Fig. 33.11, and the structure 
of the prosthetic group of the Pfr form 1s 
shown in Fig. 33.12. The Pr form differs 
only in the position of two hydrogen atoms. 

The metabolically active form of phy- 
tochrome is Pfr, that is phytochrome which 
has been changed by red light to the form 
mote sensitive to far-red. The red-absorbing 
form (Pr) absorbs light morc effectively 
than the far-red-absorbing form (Pfr); 
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therefore a mixture of wavelengths such as 
is provided by sunlight converts most of 
the phytochrome to the Pfr form. In dark- 
ness Pfr tends to revert to Pr. 

Pfr tends to promote certain growth 
responses and to inhibit others. Indeed it 
has opposite effects in different species on 
flowering and seed germination. Flowering 
of long-day plants is promoted by Pfr, 
while that of short-day plants is inhibited 
(Fig. 33.13). In about half of the several 
hundred kinds of seeds that have been 
tested, Pfr promotes germination (Fig. 
33.14), but in many others it has no obvi- 
ous effect, and in some it is distinctly in- 
hibitory. In general it promotes leaf expan- 
sion and the unfolding of the plumular 
hook during germination (Fig. 33.15), and 
it tends to inhibit exeessive stem elonga- 
tion. Etiolation (see p. 661) is in part a 
reflection of the lack of adequate Pfr. 

The influence of phytochrome on 
growth is of course modified by other fac- 
tors, both hormonal and environmental. In 
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\ Fig. 33.11 Absorption spec- 
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Fig. 33.12 Structure of the prosthetic group of the Pfr form of phytochrome. 








Fig. 33.16 we see that germination of to- 
bacco seeds is promoted by Pfr (formed by 
rcd light), but that germination is also in- 
fluenced by temperature. 

The most recent hormone to be inten- 
sively investigated is abscisic acid, also 
known as dormin (Fig. 33.17). The extent 
of its effects is still undetermined, but it 
appears in general to counter the influence 
of gibberellin. It contributes to dormancy 
and to the senescence and abscission of 
leaves. The decreasing photoperiod of late 
summer and fall may promote the forma- 
tion of abscisic acid. 

Lactones, another group of growth 
regulators, are widely distributed but not 
yet well understood. In general, they scem 
to be growth inhibitors; some of them, 
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Fig. 33.13 Effect of red and 
far-red light on flowering of 
Kalanchoe. Left, short-day 
control; center, exposed at 
night to one minute of red 
light; right, one minute of red 
light followed by one minute 
of far-red. (Courtesy of H. A. 
Borthwick, Agricultural Re- 
search Service.) 


Fig. 33.14 Effect of red and 
far-red light on germination 
of lettuce seed at 20°C. 
(Gourtesy of H. A. Borthwick, 
Agricultural Research Service.) 


such as coumarin (Fig. 33.18), found in 
the seeds of some kinds of plants, inhibit 
germination. Different cultivars of white 
sweet clover (Melilotus alba) differ greatly 
in the amount of coumarin in the seeds. 
The amount of coumarin that leaches into 
the soil from the seeds of some cultivars 
under natural conditions is enough to in- 
hibit germination and growth of other cul- 
tivars. Growth of excised root tips even of 
the high-coumarin cultivars is also in- 
hibited by the amount of coumarin which 
leaches from the seeds; obviously some- 
thing which counters the effect of cou- 
marin is produced elsewhere in these 
seedlings, and the root depends on other 
parts of the plant for its supply. ‘The high 
coumarin content of these seeds seems to 
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Fig. 33.15 Effect of red and far-red light on eti- 
olated red kidney bean seedlings 10 days old. Left, 
in continuous darkness; left center, exposed to 2 
minutes of red light; right center, exposed to 2 
minutes of red light, followed by 5 minutes of far- 
red; right, exposed to 5 minutes of far-red light. 
(Courtesy of R. J. Downs, Agricultural Research 
Service.) 
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be another weapon in the endless competi- 
tion for survival, but we do not yet know 
what disadvantages this weapon carries 
with it. The modifications necessary to 
withstand the coumarin may well have 
harmful side-effects. Students so-minded 
may see certain social parallels. 

The production of coumarin, men- 
tioned in the preceding paragraph, is an 
example of allelopathy—the chemical war- 
fare between different kinds of plants. The 
most famous allelopathic agents are the 
antibiotics produced by certain fungi, as 
noted in Chapter 16, but higher plants use 
similar eompetitive tactics. Individual ex- 
amples have been known for many years, 
but a chemical approach to the question 1s 
only now getting under way among bota- 
nists. It now appears that at least two chem- 
ical groups, the terpenes and the phenolic 
compounds, in addition to the lactones, are 
important allelopathic agents. The terpenes 
volatilize from the plant surface and then 
tend to be adsorbed onto the soil nearby, 
inhibiting the growth of some other spe- 


GERMINATED AT VARIOUS TEMPERATURES 
AFTER 15 MINUTES OF RED LIGHT 


Fig. 33.16 Effect of red light 
on germination of tobacco 
seed at various temperatures. 
(Courtesy of Vivian K. Toole, 
Agricultural Research Service.) 
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Fig. 33.17 Structural formula of abscisic acid. 


H 


G O O 
ON /\7 


HSC 
| C CSH 
‘op 


| | 
H H 


H 


Fig. 33.18 Structural formula of coumarin. 
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cress e a O Other inhibitors leach 
out from either living or dead plant parts. 
Some intermediate products of the decom- 
position of roots of many grasses are harm- 
ful to apple trees and some other plants; 
black walnuts exert similar harmful effects 
on some other species. Dead leaves of 
Encelia farinosa, a desert shrub of south- 
western United States, contain a lactone 
which readily leaches into the soil and in- 
hibits the growth of other plants. 


Some substances are harmful to the 
organisms that produce them as well as to 
other organisms. We have noted in Chap- 
ter 16 that the concentration of alcohol 
that can be obtained by fermentation is 
limited by the degrec of tolerance of the 
yeast to the alcohol it produces. The decay 
products of peach roots have been shown 
to inhibit the growth of peach seedlings, 
and the tendency of some bunch grasses 
to die out in the center may reflect a simi- 
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Fig. 33.19 Salvia leucophylia inhibiting growth of other plants in a California grassland. 
The barren zone about 2 m wide around the Salvia colony is surrounded by a zone several 
meters wide in which growth is stunted. (Photo courtesy of Cornelius H. Muller.) 
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lar phenomenon. There are all gradations 
and combinations in nature, from condi- 
tions in which some particular substance 
produced by an organism has a definite 
survival value in restricting competition, to 
conditions in which the waste product or 
decay product is distinctly harmful to the 
organism which gives rise to it. 

All living systems must have ways to 
deal with harmful by-products of their own 
metabolism. They must be excreted, or 
compartmentalized in a place where their 
damage is minimized, or they must be con- 
verted into harmless substances. We have 
noted in Chapter 30 that the disposal of 
hydrogen peroxide is so imperative that 
plant cells have special organelles, the 
peroxisomes, which perform this function. 
It has been suggested that allelopathic 
agents originated as disposal systems for 
harmful metabolic products, some of which 
later acquired an allelopathic function. If 
the plant could kill two birds with one 
stone, harming its competitors as well as 
disposing of poisons, so much the better. 
Once acquired, the allelopathic function is 
of course subject to improvement bv natu- 
ral selection. 

Some students may be aware that the 
disposal of waste products is a problem for 
communities as well as for individual or- 
ganisms. ‘The human population has 
reached such a density, and has such a high 
production of poisonous wastes that our 
space ship, the earth, can no longer absorb 
and neutralize them effectively. If our com- 
plex social organization is to survive, we 
must find ways to dispose of our own 
wastes, and to reeycle the essential ele- 
ments contained in them. 

The cytokinins are a group of growth 
regulators which “promote cell division. 
‘They influence many of the same processes 
as auxin, but not always in the same way. 
There is some evidence linking them with 
the expansion and ultimately the shape of 
leaves. The first cytokinin to be chemically 
identified (1955) was kinetin, a degrada- 


> t 
tion product of DNA obtained from the 
sperm of herring. Chemically similar sub- 
stances, such as zeatin (Fig. 33.20) have 
since been found in plants, and it is now 
believed that they are both widespread and 
metabolically important. 

Some substances with cytokinin-like 
activity, at least in stimulating cell division, 
are chemically quite different from kinetin 
and zeatin. The coconut-milk factor, so 
named because coconut milk is a useful 
additive that promotes cell division in tis- 
sue cultures, proves to consist of at least 
three chemicals. One of these three, IAA 
arabinose, is chemically related to auxin, 
and none of them is similar to kinetin and 
zeatin. 

Ethylene, CH4, is produced by many 
plants, especially in ripening fruits. It has- 
tens ripcning, and is used commercially to 
ripen oranges, bananas, and some other 
fruits. Individual wrapping of pears and ap- 
ples in waxed paper has more than a purely 
esthetic value; the ethylene formed by the 
fruit does not escape so readily and ripen- 
ing is promoted. 

Ethylene has a number of other effects 
on plants, often including an increased rate 
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Fig. 33.20 Structural formula of zeatin, a cyto- 
kinin. 


of respiration. It promotes flowering of 
many kinds of plants, including pineapples 
and other bromeliads; bromeliad fanciers 
sometimes enclose a ripening apple with 
the plant in a plastic bag to encourage it 
to flower. On the other hand, ethylene 1s 
destructive to orchid flowers; florists learn 
not to carry ripening apples and orchid 
corsages on the same round in the same 
delivery wagon, Some of the effects of 
auxin on growth may reflect the fact that 
under some conditions it stimulates the 
production of ethylene. 

Like other hormones, ethylene is effec- 
tive in minute amounts. As little as one 
part per mfllion, or even one per 10 million 
of ethylene in the atmosphere, by volume, 
is harmful to many kinds of plants, caus- 
ing asymmetric growth, abscission of leaves 
aud flowers, and death. The presence of 
ethylene in artificial illuminating gas 1s re- 
sponsible for the well-known difficulty of 
growing house plants in homes where arti- 





Fig. 33.21 Effect of ethylene chlorhydrin in breaking dormancy of Azalea (Rhododendron 
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ficial gas is used for cooking. Ethylene is 
also present in cigarette smoke, with simi- 
lar results. Natural gas, which does not 
have ethylene, has in recent years largely 
replaced artificial gas for home use, but the 
cigarette is still with us. In any case the 
ethylene content is not a significant factor 
in the changing patterns of use of these 
products. Ethylene chlorhydrin, a highly 
poisonous derivative of ethylene, is used 
commereially to break dormancy of potato 
tubers, gladiolus corms, many shrubs and 
trees (Fig. 33.21), and some seeds. 

The plant vitamins have attracted less 
attention than the plant hormones. Any 
substance which is effective in minute 
amounts, which is not strongly migratory, 
which has similar effects in different tis- 
sues, and which can be made by the or- 
ganism, is not likely to be easily discovered. 
In practice the study of plant vitamins has 
been largely restricted to substances also 
known to be animal vitamins, especially 





nudiflorum). Photos taken January 17, after the plant at the right had been treated on 
December 23. (Courtesy of the Boyce Thompson Institute for Plant Research.) 
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those that are hormone-like in being migra- 
torv, with some tissues needing an outside 
source of supply. Thiamin (vitamin B,) is 
such a vitamin. Roots of tomatoes and 
other plants require thiamin for growth 
but do not ordinarily make it in significant 
amounts. Excised roots in culture media 
must be provided with thiamin or its im- 
mediate chemical precursors if they are to 
survive. In the living plant, thiamin is 
made in the stem and migrates down into 
the root. 


TissuE CULTURE 


The culture of excised plant tissues in 
sterile media requires a carefully balanced 
supply of growth-regulating substances as 
well as ordinary nutrients. The American 
botanist William J. Robbins (1890-  ) 
reported in 1922 that the addition of yeast 
to the medium improved the growth of 
excised tomato roots, although even with 
this addition the roots went into a decline 
after a few months of diminishing growth. 
The techniques of tissue culture expanded 
rapidly thereafter. It was learned that thi- 
amin is the principal active ingredient of 
yeast in promoting growth, and especially 
since about 1939 it has been possible to 
grow various tissues of many kinds of 
plants by providing them with the proper 
nutrients and growth regulators. IAA or 
some similar hormone is often required, 
depending on whether or not the particu- 
lar tissue makes enough IAA for its own 
use. Various other hormones or vitamins 
are necessary in some cases, the list of cs- 
sentials varying with the tissue and the 
kind of plant. Tissues from some kinds of 
plants still resist cultivation, however, pre- 
sumably because they require some undis- 
covered growth substance made elsewhere 
in the plant. Tissue culture is now a very 
important tool in studying the nature 
of plant growth, including the effects 
and chemistry of growth-regulating sub- 
stances. 


4 


ENVIRONMENTAL CONTROL OF 
GROWTH 


INTRODUCTION 


The environmental factors affecting 
plant growth are so intricately related that 
any classification is necessarily arbitrary 
and imperfect. Radiant energy, tempera- 
ture, water, minerals, atmospherie condi- 
tions, and gravity are some of the more ob- 
vious physical factors. Water relations, 
mineral nutrition, photoperiodism, and the 
effect of COs in the air have been dis- 
cussed in earlier chapters, and gravity is 
discussed in this chapter in the section on 
plant movements. Ccrtain aspects of the 
effects of radiant energy, temperature, and 
atmosphcric conditions remain to be dis- 
cussed. 


LIGHT AND OTHER RADIANT ENERGY 


Different wavelengths of light have 
different effects on plant growth. For each 
response controlled by light there is an 
action spectrum (i.e., if the quantitative 
effects of successive wavelengths are plotted 
on a graph, a definite line with one or 
more peaks, comparable to the absorption 
spectrum of a pigment,is obtained). The 
only obvious explanation for this is that 
the initial effect is on some pigment(s) in 
the plant. One of the most important of 
the growth-regulating pigments is phyto- 
chrome, discussed earlier in this chapter, 
but others certainly exist. Growth responses 
governed by phytochrome will show an 
action spectrum that can be correlated 
with the absorption spectra of Pr and Pfr. 

Photoperiodism is a growth response 
controlled by phytochrome. The effect of 
photoperiod on flowering is discussed in 
Chapter 31. Vegetative growth of some 
plants is also influenced by the photo- 
period (Fig. 33.23). The extent and im- 
portance of this type of photoperiodism re- 
main to be determined. 
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Fig. 33.23 Effect of photoperiod on growth of 
Catalpa. The plant at the left was grown in a 16- 
hour day, that at the right in an 8-hour day. (Pho- 
tos courtesy of H. A. Borthwick, Agricultural Re- 


search Service.) 


Plants grown in the dark, but with an 
adequate food supply, develop long, weak, 
spindly stems; the leaves of dicots generally 
fail to expand, and those of monocots are 
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Fig. 33.22 Effect of red and 
far-red light on seedlings of 
pinto bean. All plants re- 
ceived 8 hours of fluorescent 
light daily. The plant at the 
left received no other illu- 
mination. The center plant re- 
ceived an additional 5 min- 
utes of far-red light on each 
of the tenth, eleventh, twelfth, 
and thirteenth days. The plant 
at the right received 5 min- 
utes of far-red light followed 
by 5 minutes of red light on 
each of these same days. 
(Photo courtesy of Agricultur- 
a! Research Service.) 


commonly narrower and more attenuate 
than normal; the anatomical structure is 
also modified. The shoots remain white or 
pale yellowish, inasmuch as chlorophyll is 
not formed without light. Such plants are 
said to be etiolated (from French étioler, 
to blanch). Plants with inadequate light 
show similar but less pronounced effects 
(Fig. 33.24). Red light is highly effective 
in preventing the excessive elongation, but 
other wavelengths are more effective in 
promoting leaf expansion and the forma- 
tion of chlorophyll. Excessive elongation, 
without the other symptoms of etiolation, 
can be induced by a little extra supply of 
far-red light, even when the plants get nor- 
mal light most of the day. 

Under natural conditions, etiolation 
occurs only in seedlings from deeply cov- 


ered seeds and in the shoots arising from 
underground perennating organs such as 
rhizomes, tubers, bulbs, and fleshy or run- 
ning roots. Etiolation may thus have a 
survival value in cnabling sueh shoots to 
reach the ground surface quickly and with 
little damage. 

Except for the direct effects of heat, 
the infrared and ultraviolet rays of the sun 
that reach the earth’s surface havc little or 
no apparent influence on plant growth. 
Plants grow just as well under glass (which 


662 INTRODUCTORY BOTANY 








Fig. 33.24 Etiolated bean seedlings (C, grown in total darkness) alongside plants receiving 


50 percent natural light intensity (B) and 100 percent natural light intensity (A). (Photo by 
F. H. Norris, from Transeau, Sampson, and Tiffany, Textbook of botany, rev. ed., Harper 


& Row, 1953.) 


filters out most of the ultraviolet) as in 
the open, if other conditions are similar. 
The shorter ultraviolet rays, which are 
mostly screened out of natural radiation 
by the upper atmosphere, are destructive 
to plants as well as to animals. X rays are 
also harmful to both plants and animals 


(Fig. 33.25). 


TEMPERATURE 


Any change in temperature affects the 
different physiological processes in the 
plant unequally, with consequent effects on 
growth. The balance between photosynthe- 
sis and respiration, for example, is highly 
responsive to temperature changes. In many 
species of plants in temperate regions, the 
rate of photosynthesis under field condi- 
tions is not much higher at 30°C than at 
15°C, because the CO» content of the air 
is a limiting factor. Respiration, on the 
other hand, is about doubled by such a 
change, and the higher temperature favors 


rapid utilization of photosynthate, rather 
than accumulation. We can thus envision 
for each species a cyclic effect of increasing 
temperature, from carbohydrate depletion 
and eventual starvation at temperatures 
too low for photosynthesis, to carbohydrate 
accumulation but slow growth, to balanced 
production and use of photosynthate with 
rapid growth, to carbohydrate depletion 
and eventual starvation at temperatures so 
high that respiration outstrips photosyn- 
thesis. ‘The night temperature, since it 
affects respiration but not photosynthesis, 
may be even more significant than the day 
temperature, under some circumstances. 
Other factors associated with temperature 
changes, or other direct effects of tempera- 
ture, may modify the results, but the 
principle is still sound. ‘Taking a practical 
example, it should thus be clear why pota- 
toes produce a relatively small erop at 
higher than optimal temperatures, even 
though the plants are healthy and vegeta- 
tively active (Fig. 33.26). 
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Fig. 33.25 Effect of gamma 
radiation on growth of Ni- 
cotiana langsdorfii. Plants 
started as small seedlings and 
grown for 10 weeks. Control 
plant at left received no arti- 
ficial irradiation. Plants at 
right received 250, 325, and 
400 roentgen units per 20 
hours over a period of 10 
weeks. (Photo courtesy of A. 
H. Sparrow, Brookhaven Na- 
tional Laboratory, Upton, 
New York.) 


3 
a | 


Fig. 33.26 Effects of different temperatures on the formation of potato tubers. Figures are 
degrees Centigrade. (Photo by John Bushnell, from Transeau, Sampson, and Tiffany, Text- 


book of botany, rev. ed., Harper & Row, 1953.) 


High and low temperatures may limit 
growth or be fatal for other reasons than 
their effect on the balance between photo- 
synthesis and respiration. Heat may cause 
various metabolic disturbances and even 
coagulation of the protein in the proto- 
plasm. It also acts indirectly by influencing 
transpiration. Cold may also upset the me- 
tabolism, even before ice is formed. Injury 
due to freezing may result either from me- 


chanical disruption of the protoplast by 
the ice crystals, or from metabolic disturb- 
ances associated with the loss of water or 
too rapid release of water in thawing. 
Many plants become more resistant to 
frost injury after repeated exposure to near- 
freezing temperatures. This cold hardening 
is due to one or more of several changes, 
according to the kind of plant: (1) in- 
crease in osmotic potcntial and thus direct 


664 INTRODUCTORY BOTANY 


resistance to freezing; (2) increased re- 
sistance to coagulation of the proteins 
when desiccated; (3) increascd permeabil- 
ity of the plasma membrane to water, per- 
mitting ice to form in intercellular spaces 
instead of within the cell; and (4) de- 
creased structural viscosity of the proto- 
plast, making it less susceptible to mechani- 
cal injury by the ice crystals. 

The effect of the thermoperiod on 
flowering has been discussed in Chapter 31. 


ATMOSPHERE 


The major constituent of the atmos- 
phere, nitrogen, is insignificant as a direct 
factor in the growth of most plants, being 
absorbed only in combined forms, such as 
nitrates. The second most abundant con- 
stituent of the air, oxygen, is of course 
necessary for respiration, but variation in 
the oxygen content of the air is so slight 
as to be unimportant, except as regards the 
air in the soil. Poorly aerated soils may not 
have enough oxygen for normal root 
growth. Carbon dioxide and water vapor 
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are the only other natural components of 
air that have any importance in plant 
growth; the effects of these have been dis- 
cussed in previous chapters. 

Wind is an important factor in in- 
creasing transpiration, as noted in Chapter 
27, and the continued pressure of wind 
that comes chiefly from one direction may 
train the trunk and branches of trees to 
the leeward. 

Various harmful chemicals are re- 
leased into the air as a result of man’s in- 
dustrial activities. The effects of ethylene, 
a constituent of artificial illuminating gas, 
have been noted on p. 659. The hydrocar- 
bon from automobile exhausts sometimes 
reaches a concentration high enough to 
damage plants, as well as being a prime 
cause of the notorious smog of many large 
cities. Smelters release sulfur dioxide 
(SO2), and aluminum smelters release hy- 
drogen fluoride (HF) as well. Both of 
these are highly toxic to plants, and in 
some cases all the vegetation for several 
miles around a large smelter is destroyed 
(Pigeon 
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Fig. 33.27 Copper Basin, Tennessee, showing destruction of vegetation by smelter smoke. 


(U.S. Forest Service photo lay CR. HU e ) 


HEALING OF WOUNDS 


Most kinds of vascular plants respond 
to wounding of the stem or root by re- 
suming growth around the wounded area, 
forming a callus that partly or wholly cov- 
ers the wounded area before growth stops 
again. Experimental evidence indicates that 
the damaged cells produce substances 
which stimulate the surrounding undam- 
aged cells to resume growth. If the wound 
is immediately washed, callus formation 
does not occur, unless wound juice is again 
applied. The nature of the activating sub- 
stances in wound juice is still uncertain. 


ABNORMAL GROWTH 


We have seen that growth results 
from a complexly balanced set of chcmi- 
cal reactions in the protoplasm, and that 
the rate and nature of growth vary with the 
environmental conditions and the kind of 
plant. Under extreme or otherwise unusual 
environmental conditions, growth may be 
abnormal. Such synthctic chemicals as 
2,4-D, and such natural chemicals as gib- 
berellin, may so upset the balance that 
abnormal growth is quickly followed by 
death. 

Abnormal growth may also be inter- 
nally directed. A number of interspecific 
hybrids in Nicotiana (the tobacco genus) 
are apparently normal except for numerous 
small tumors along the stem (Fig. 33.28). 
Here the balance has obviously gone askew; 
some cells which should stop growing and 
mature into ordinary stem cells continue to 
grow and divide indefinitely. Doubtless 
other imbalances in many hybrids escape 
our attention. 

Many insects and some bacteria that 
parasitize plants cause abnormal enlarge- 
ments called galls. Often the shape and 
structure of the gall induced by a particu- 
lar species of insect on a particular species 
of plant are so constant and so complex 
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hybrid between Nicotiana langsdorfii and N. suave- 
olens. (Photo courtesy of Harold H. Smith, Brook- 
haven National Laboratory, Upton, New York.) 


that the insect species can be identified by 
the plant gall. The same plant host can 
produce many different kinds of galls ac- 
cording to the kind of parasite (Fig. 33.29), 
and the same kind of insect sometimes 1n- 
duces different sorts of galls on different 
hosts. The immediate cause of the over- 
growth varies according to the parasite 
and, in most cases, has not been carefully 
studied. In general the insect probably se- 
cretes growth-stimulating substances which, 
in combination with the wound damage 
caused by feeding, subvert the host into 
providing a home with a built-in food 
supply. 

Crown gall, caused by the bacterium 
Agrobacterium tumefaciens, furnishes one 
of the most interesting examples of ab- 
normal growth in plants (Fig. 33.30). The 
bacteria usually enter the plant through a 
wound near the ground level, and, if they 
are carefully introduced without wounding 
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Fig. 33.30 Crown gall on a sunflower stem, 3 
months after inoculation. (Photo courtesy of the 
Wisconsin Agricultural Experiment Station.) 


the host, they grow and multiply without 
causing a gall. The tumor-inducing princi- 
ple produced by the bacteria is formed 
only in the presence of wound juice. To- 
gether the wound juice and the tumor- 
inducing principle cause a series of 
irreversible changes whereby the affected 
cells acquire the power of virtually unlim- 





Fig. 33.29 Fifteen different 
galls on hickory leaves, 
caused by as many different 
species of insects. (Drawings 
by B. W. Wells, from Tran- 
seau, Sampson, and Tiffany, 
Textbook of botany, rev. ed., 
Harper & Row, 1953.) 





ited growth and become insensitive to the 
regulatory hormones produced in other 
parts of the plant. One characteristic of the 
tumor cells is a high production of auxin 
and other hormones and vitamins. After 
the primary tumor is well established, sec- 
ondary tumors often develop in other parts 
of the plant, even without further wound- 
ing. The obvious analogy with human can- 
cer has led some botanists to call crown 
gall plant cancer, but the physiological 
relationship remains to be determined. In 
spite of the more than 3500 papers on 
crown gall published after the causative 
organism was named and described by the 
American botanist Erwin F. Smith (1854- 
1927} in 1907, the physiology of crown gall 
is still only very incompletely understood. 


MOVEMENTS 


INTRODUCTION 


Plants, which seem so changeless and 
still, are actually in continuous motion. 
As seen by the time-lapse camera, the stem 
actively twists and turns, and the flowers 
and leaves often repeat a series of move- 
ments like a stately dance, in a daily 
rhythm. Other motions may be per- 
formed but once by each of many organs, 


like identical routines by a series of dancers 
entering the stage in rapid succession. 

Movements of plant parts can mostly 
be classified, according to the mechanism, as 
growth movements and turgor movements. 
Growth movements are due to differential 
growth; cells in one part of the affected 
Organ grow faster than those in another 
part, thus changing its position. Turgor 
movements are due to differential changes 
in turgor (and consequently size) of the 
cells of the affected organ. Turgor move- 
ments are readily reversible under changed 
conditions. Growth movements are less 
easily reversed; once the cells have enlarged 
or divided they do not return to their 
former size, and reversal of the movement 
can be accomplished only by a reversal in 
the rates of growth. 

Some growth movements are self-con- 
trolled (autonomic); others are induced 
by external stimuli (paratonic). Nutation, 
the spiral twisting of the stem as it grows, 
is a wholly autonomic growth movement; 
it has been mentioned in Chapter 24. Para- 
tonic movements are further classified as 
tropisms and nasties (or nastic move- 
ments). Tropisms are responses to stimuli 
which come chiefly or wholly from one 
direction; the direction from which the 
stimulus comes affects the direction of the 
growth response. Nasties are responses to 
stimuli which more uniformly envelop the 
affected organ, or which, if unidirectional, 
evoke the same response regardless of the 
direction they come from. This classifica- 
tion of movements is an aid to understand- 
ing, but it is not to be expected that all 
plant movements will fit neatly into the 
given categories. 


TROPISMS 


Geotropism (response to gravity) and 
phototropism (response to light) are the 
most familiar tropisms, but thigmotropism 
(response to touch), thermotropism (re- 
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sponse to temperature), chemotropism (te- 
sponse to chemicals), and hydrotropism 
(response to water) are also well known. 
Tropisms may be positive, negative, 
or lateral, and they may differ in different 
organs of the plant. Thus the primary root 
is usually positively geotropic, growing in 
the direction of gravity, and the stem is 
negatively geotropic, growing away from 
gravity. If a seed is planted upside down, 
so that the emerging root points upward, 
the root turns as it grows, and the tip soon 





Fig. 33.31 Aerial roots of Euterpe, a palm, on the 
Pacific coast of Colombia, showing different geo- 
tropic responses. The slanting root here is a prop 
root growing downward at an angle from the stem 
toward the ground. The branch roots arising verti- 
cally from it will reach no great size; they have 
been called pneumatophores, but their function is 
uncertain. (Photo courtesy of José Cuatrecasas.) 
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comes to point downward. The stem, like- 
wise, will right itself regardless of its 
initial position. Creeping rhizomes arc 
often laterally geotropic, growing at right 
angles to the direction of gravity, parallel 
to the surface of the ground. Other com- 
plex factors relating to the depth below 
the ground surface also influence the direc- 
tion of growth of many rhizomes. 

The nature and strength of a tropie 
response of a plant part may vary with its 
agc and the environmental conditions, as 
may also the sensitivity of the affected or- 
gan to the stimulus. In species of Arabis 
(rock cress), for example, the pedicels, at 
first ascending, later become reflexed, or 
spreading, or erect, or spreading but turned 
up at the end, according to the species. In 
Arabis the resulting differences in position 
of the mature pods have no apparent im- 
portance to the plant, although they fur- 
nish useful taxonomic characters for the 
identification of the species. In Trifolium 
subterraneum, a Mediterranean species of 
clover, the stalk of the inflorescence is at 
first ascending but later turns and burrows 
into the ground, effectively planting the 
seeds. Many such changes in the position 
of flower stalks are geotropic, but some are 
probably phototropic instead; each species 
must be studied individually for the ex- 
planation. 

If a potted plant is turned on its side, 
the tips of the stems begin to bend upward 
within a few days, and sometimes even the 
older parts of the plant are later affected 
(Fig. 33.32). If the tips of the main roots 
are examined, it will be found that they 
have turned downward. However, if the 
pot is slowly rotated on a horizontal axis 
after being turned sideways, so that each 
leaf and each point on the stem has its 
turn at being on the upper side as well as 
the lower side, no geotropic effect appears, 
and the plant continues to grow horizon- 
tally. 

If a growing seedling is placed on a 
turntable, the effects of gravity can be 
overcome by centrifugal force. Thus on a 
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Fig. 33.32 Geotropic response in a seedling after 
it was clamped on a horizontal position. (From 
Transeau, Sampson, and Tiffany, Textbook of bot- 
any, rev. ed., Harper & Row, 1953.) 


rapidly rotating horizontal turntable, the 
roots grow toward the margins and the 
stems toward the center; but if the rota- 
tion is slower, so that the centrifugal force 
is less than the force of gravity, the usual 
geotropic responses occur. 

The mechanism by which plants per- 
ceive and respond to gravity is obscure. 
Starch grains too large to move in unison 
with the cytoplasm in cyclosis tend to ac- 
cumulate toward the bottom of the cell, 
and it was at one time thought that they 
thercby enabled the plant to recognize grav- 
ity. More recently it has been demon- 
strated that at least in some plants the 
starch can be artificially depleted without 
inhibiting the geotropic response. So, back 
to the old laboratory. 

Phototropic responses occur in most 
green plants. Typically the stem bends 
toward the light as it grows; housewives 
with green thumbs know that potted 
plants need to be turned every few days 
if they are to grow symmetrically. The 
stems of some climbing plants, such as 
English ivy (Hedera helix) are negatively 
phototropic; placed in a pot in a window, 


they turn and grow away from the light, 
directly into the room. A little thought 
should suggest a relationship between this 
response to light (along with a normal 
negative geotropism) and the success of 
the plant as a climber on walls. 

Different intensitics of light often 
evoke opposite phototropic responses. The 
stems of Bermuda grass (Cynodon dacty- 
lon) and some other plants are positively 
phototropic at low light intensities, and 
negatively so at higher intensities. Such 
plants are prostrate when growing in open 
places where they are fully exposed to the 
sun, but they are more ascending or erect 
when shaded by other vegetation. Even 
some of the prostrate liverworts will grow 
upward at an angle in a terrarium with 
insufficient light. 

Leaves as well as stems are often 
phototropic. The leaf blades of such vines 
as English ivy occupy practically the entire 
exposed surface of the wall, with a mini. 
mum of overlapping, fitting together in 
patterns called leaf mosaics. Most plants 
with large numbers of leaves show some- 
what similar, though usually less accurate, 
patterns, making maximum use of the 
available light. 

In many kinds of plants, the leaves or 
flowers assume a particular orientation 
with respect to the sun, changing progres- 
sively during the day. These changes are 
sometimes due to differential growth, as 
in the common sunflower (Helianthus 
annuus), in which the heads tend to face 
the sun. Differential turgor changes also 
cause such responses. In Malva neglecta, a 
common weed in which the leaf surface 1s 
directed toward the sun, it has been shown 
that the movement is caused by changes 
in the turgor of the cells at the tip of the 
petiole. The original light stimulus must 


be received by the blade, however; if the 
blade is covered, the movement does not 


take place, even when the active part of 

the petiole is fully exposed to the sun. 
The role of auxin in phototropism has 

been discussed earlier in this chapter. 
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The most familiar examples of thig- 
motropism are shown by the tendrils or 
stems of climbing vines, which curl around 
solid objects they touch. The immediate 
reaction, which sometimes occurs in less 
than a minute (and commonly within a 
few minutes), is probably due to differ- 
ential changes in turgor, but the changes 
are irreversible and are followed by differ- 
ential growth, so that the tendril or stem 
wraps around the supporting object. Dif- 
ferential growth often continues in the 
basal part of the tendril, which becomes 
twisted like a coil spring, holding the 
plant close to the support but permitting 
an elastic response to the wind or other 
strains. Tendrils do not respond to liquids, 
such as raindrops, nor even to heavy 
liquids, such as mercury; neither do they 
respond to perfectly smooth solids. A 
slightly rough or uneven surface, providing 
two or more adjacent but separated stim- 
uli, is ordinarily required. We have scarcely 
an inkling of the mechanism of thigmo- 
tropism. 

The most familiar chemotropism in 
angiosperms is that shown by the pollen 
tube, which ‘grows unerringly down 
through the style and into the embryo sac 
of the ovule in response to chemical stim- 
uli, The nature of the chemical stimtlus in 
this instance is not well understood. 

The reaction of swimming sperms of 
plants and animals to chemical stimuli 
may also be broadly classed as chemo- 
tropism. In some bryophytes the chemical 
that attracts the sperm to the archegonium 
and the egg is sucrose, ordinary cane sugar. 
The sperm of man is attracted toward a 
mildly alkaline solution and is repelled by 
acid. 

When tropisms are more narrowly 
defined, to include only growth move- 
ments, the locomotion of whole cells or 
organisms in response to stimuli is called 
tactic movement, and sperms are then said 
to show a chemotactic (rather than a 
chemotropic) response. Flagellated algae 
are commonly phototactic, being attracted 
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toward moderately bright light. Any tactic 
movement is called a taxis. Phototaxis 
and chemotaxis are the most commonly 
observed taxies, except in city streets, 
where Chevrolets are more common. 

Hydrotropism may be regarded as a 
special case of chemotropism, since water 
is of course a chemical. Hydrotropic curva- 
ture has been demonstrated in the roots of 
several kinds of plants, but apparently this 
response is not so common as was once 
belicved. The seeming hydrotropism of 
roots of many plants results from the more 
rapid growth and more extensive branch- 
ing of roots in moist soil than in dry soil, 
rather than from curvature of existing 
roots in the direction of moisture. 


Nastic MOVEMENTS 


Nastic movements, in the strict sense, 
are growth movements, although the term 
is sometimes applied also to some other- 
wise similar turgor movements. Some nas- 
tic movements are induced by external 
stimuli, like tropisms, but others are inter- 
nally directed. 

The growth movements of young 
leaves, bud seales, and petals are auto- 
nomic (internally directed) nasties. When 
young, these organs grow faster on the 
lower side than on the upper (hyponasty), 
so that they bend upward and inward, 
enclosing the tip of the axis. Later they 
grow faster on the upper side than the 
lower (epinasty), and consequently spread 
away from the axis. 

The “sleep” movements of the leaves 
and flowers of some plants are caused by 
turgor changes, but others are nastic 
growth movements. Nastic sleep move- 
ments may be photonastic, or thermonas- 
tic, or both, according to the species. 

In some species of touch-me-not (Im- 
patiens) the leaves droop at night but 
spread out horizontally during the day. 
Leaves of the common pigweed (Cheno- 
podium album), on the other hand, point 


’ & 


upward at night and spread out during the 
day. Both these changes are photonastic 
growth movements. The flowers of Oxalis 
close at night in response to darkness, and 
those of some species of Oenothera (eve- 
ning primrose) open in the evening as the 
light fades. Tulips and crocus flowers are 
thermonastic, opening as the temperature 
rises, and closing again when it falls. Cro- 
cus flowers also close if the temperature 
gets unusually high, and the leaves of 
many tropical plants assume the “sleep” 
position during the hottest hours of the 
day as well as at night. 

Both thigmonasty and chemonasty are 
illustrated by the tentacles of the leaves 
of sundew (Drosera), an insectivorous 
plant of boggy places (Fig. 33.33). The 
tentacles are stout, spreading hairs with 
proteolytic enzymes in the expanded, 
sticky tip. The marginal tentacles turn 
toward the center of the leaf, if they or 
the central tentacles are stimulated by the 
touch of a solid object or by any of several 
nitrogenous chemicals in solution. If the 
stimulus is not a digestible object, the 
tentacles generally recover and return to 
their normal position within a day, but 
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Fig. 33.33 Sundew (Drosera rotundifolia). (About 
three times natural size.) (Photo by Alvin E. Staffan, 
from National Audubon Society.) 
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under the continuous ehemical stimula- 
tion of a trapped inseet, they remain 
eurved for a week or more while the prey 
is digested. In species with long, narrow 
leaves, it can be seen that the response of 
the tentacles is partly tropic rather than 
wholly nastic, because the direetion of 
bending is influenced by the position of 
the insect on the leaf. Here, as elsewhere, 
it should be noted that the structures and 
processes of plants cannot be classified into 
wholly distinct categories, although the 
partial and imperfect elassifications whieh 
ean be made are very useful aids to under- 
standing. 

Closure of the leaves of Venus’s-fly- 
trap (Dionaea muscipula, Fig. 1.3) seems 
to result from a combined growth and 
turgor mechanism, initiated by contact or 
mild pressure, and furthered by chemical 
stimulation with nitrogenous substances 
from the body of the trapped insect. Each 
half of the leaf has several trigger hairs on 
the upper side, and these are much more 
sensitive to the touch than is the rest of 
the surface. The initial closure probably 
results principally from a sudden transter 
of water from cells near the upper surface 
of the leaf to cells near the lower surface, 
especially near the midrib, and the closure 
is followed by differential growth. Reopen- 
ing of the leaf after digestion of an inseet 
results from epinastic growth. 


Turcor MovEMENTS 


Turgor movements of plant parts re- 
sult from differential changes in turgor 
(and eonsequently size) of some cells. The 
effeetive cells are often different from 
ordinary cells and may be eoncentrated 
in special organs, such as the pulvinus 
(Latin, a cushion) at the base of the 
leaves and leaflets of legumes and some 
other plants. Turgor movements are often 
classed with nastie movements, beeause 
the direction is not influenced by the 
source of the stimulus. The rolling of the 


ANGIOSPERMS: GROWTH AND MOVEMENT 671 


leaves of many grasses in dry weather is 
eaused by loss of turgor and collapse of 
the large, thin-walled, bulliform cells that 
form longitudinal rows on one or the other 
surface. Movements of the stamens of 
some flowers in response to touch are 
caused by turgor ehanges; such movements 
may have some survival value in increas- 
ing the likelihood of cross-pollination. 

Sleep movements in some plants are 
caused by turgor changes. The leaflets of 
Oxalis, for example, droop and partly fold 
at night, due to changes in the turgor of 
eells in the pulvini at the bases of the 
leaflets. Turgor changes in the pulvini of 
clover (Trifolium) leaflets cause more 
eomplex sleep movements, with the termi- 
nal leaflets turning over and covering the 
two lateral leaflets, which droop and twist 
so that their upper surfaces are brought 
together. 

The sensitive plant (Mimosa pudica) 
is famous because the leaves or leaflets 
quickly droop when touched (Fig. 33.34). 
The speed and intensity of the movement 
and the amount of the plant affected vary 
with the intensity of the shock; the move- 
ment occurs first in the part touched and 
spreads progressively with diminishing 
force to other parts. Recovery usually takes 
10-20 minutes. If a leaflet is burned in a 
flame, the plant reacts even more vigor- 
ously, and often all the leaves quickly 
droop. The movements are directly caused 
by differential changes in the turgor of the 
cells in the well-developed pulvini at the 
base of the leaflets and leaves, but numer- 
ous experiments have not yet elarified the 
mechanism of transfer of the stimulus to 
the pulvini, nor the chemical processes 
which eause the turgor ehanges. Hormones 
are very probably involved, but current 
hypotheses do not adequately explain the 
speed of the transfer. A number of other 
legumes are sensitive to the touch, but 
the reaction is less spectacular. 

A possible survival value of the response 
to touch in Mimosa pudica and some re- 
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lated specics has been suggested but re- 
mains to be confirmed. These species often 
grow on exposed dry ridge-tops, where they 
may be subjected to drying winds. A strong 
wind will joggle the leaves enough to make 
them droop and fold up, reducing the rate 
of transpiration. 


CIRCADIAN AND OTHER RHYTHMS 


We have seen that certain plant proc- 
esses, such as the opening and closing of 
stomates, the opening and closing of some 
kinds of flowers, and the sleep movements 
of leaves, follow a rhythmic daily pattern. 
Surprisingly, many of these daily rhythms 
will persist for several cycles if the plant is 
kept in continuous light or continuous 
darkness. The period of the rhythm under 
such altered conditions may drift away 
from a precise twenty four hours, but the 
significant thing is that it persists at all. 
The biological clock soon runs down if it is 
not rewound by exposure to day and night 
cycle, and it is easily reset or even adjusted 
to run faster or slower, but all the same the 
clock exists. The chemical nature of the 





Fig. 33.34 Sensitive plant 
(Mimosa pudica). (Photo 
courtesy of T. H. Everett.) 


biological clock has excited much interest 
but little understanding. We have been 
able to do little more than give it a name. 
Rhythms which operate on a daily cycle 
are called circadian rhythms, from Latin 
circa, about, and diem, day. 

Cell division in eukaryotes frequently 
follows a circadian rhythm, with most of 
the mitoses being concentrated into a time 
of an hour or so. Meiosis in the pollen 
mother cells of developing inflorescences 
may likewise be concentrated into certain 
hours. Eager chromosome-counters have 
sometimes found it useful to adjust their 
own rhythm to that of the plant under 
study. Prokaryotes, on the other hand, are 
nearly or quite without circadian rhythms 
of any sort. 

The kind of light which will most 
effectively regulate circadian rhythms dif- 
fers according to the rhythm and the kind 
of plant. Red light in the 660 nm range is 
most cffective for a number of higher-plant 
thythms, suggesting that phytochrome may 
be the active pigment. Some rhythms in 
the fungi, on the other hand, are more re- 
sponsive to blue light. It may be significant 
that the fungi are not known to have 
phytochrome. 


Evidence for the existence of rhythms 
with a period much longer than one day 
is confusing and contradictory. Some South 
African succulents which bloom in mid- 
summer in their native land have a reputa- 
tion for blooming in midwinter in the 
United States, but there has been no rigor- 
ous experimental demonstration of an an- 
nual rhythm in these or any other plants. 
Lunar and other  intermediate-length 
rhythms are also debatable. 


SUGGESTED READING 


Bonner, J. T., Morphogenesis: an essay on 
development, Atheneum, New York, 1963. 


ANGIOSPERMS: GROWTH AND MOVEMENT 673 


Braun, Armin C., The reversal of tumor 
growth, Sci. Amer, 213 (5):75-83. No- 
vember, 1965. 

Muller, C. J., The role of chemical inhibition 
(allelopathy) in vegetational composition, 
Bull. Torrey Club 93:332-351. 1966. 

Steward, F. C., The control of growth in 
plant cells, Sci. Amer. 209 (4):104-113. 
October 1963. 

Sweeney, B. C., Rhythmic phenomena in 
plants, Academic, New York, 1969. 

van Overbeck, J., The control of plant 
growth, Sct. Amer. 219 (1):75-81. July, 
1968. 

Wardlaw, C. W., Morphogenesis in plants, 
a contemporary study, Methuen, London, 
1968. 


34 


ANGIOSPERMS: 
CLASSIFICATION 


Drimys winteri, of the family Winteraceae, order Magnoliales, from southern South America, 
showing spirally arranged, undifferentiated perianth, numerous stamens with broad, 
somewhat laminar filament, and separate carpels. The Winteraceae are one of the more 


primitive families of angiosperms. (Photo courtesy of Rudolf M. Schuster.) 
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INTRODUCTION 


The angiosperms, with about 220,000 
known species, make up more than half 
the plant kingdom and form the dominant 
land vegetation of most of the earth. Most 
botanists are agreed that the angiosperms 
constitute a wholly natural group, but 
there is still some difference of opinion as 
to the taxonomic rank at which the group 
should be received. Some botanists con- 
sider them to constitute a distinct division 
Magnoliophyta, as is done in this text; 
others treat them as a subdivision or class 
of a more inclusive division such as the 
Tracheophyta. 


DICOTS AND MONOCOTS 


The angiosperms are fairly readily di- 


visible into two groups, the dicotyledons 
and monocotyledons, here treated as classes 
under the names Magnoliopsida and Li- 
liopsida. The difference between these 
groups was first recognized by John Ray 
(1628-1705), although he considered it 
less important than the difference between 


woody and herbaceous plants, which 1s 
considerably downgraded as a taxonomic 
character in modern systems. 


The several differences between the 
monocots and the dicots have been noted 
and discussed in the preceding chapters. 
No one of these differences is absolutely 
constant, but the number of cotyledons 1s 
very nearly so. The most important con- 
trasting characters of the two groups are 
summarized in the following table: 


S a O 


DICOTS 
Cotyledons 2 (seldom 1, 3, or 4) 


Leaves mostly net-veined 
Fascicular cambium usually present 


Vascular bundles usually borne in a ring 
which encloses a pith 

Floral parts, when of definite number, 
typically borne in sets of 5, less often 4, 
seldom 3 (carpels often fewer) 

Pollen typically triaperturate, or of tnaper- 
turate-derived type, except in a few of the 
more primitive families 

Mature root system either primary or ad- 
ventitious, or both 


The monocots include the grasses, 
sedges, rushes, lilies, iris, orchids, palms, 
aroids, and a number of aquatic plants. 
Most other familiar angiosperms belong 
to the dicots, which are much the larger 


group. 


TAXONOMIC PRINCIPLES 


The aim of taxonomy is to produce 
a natural system of classification of or- 
ganisms, 1.€., a system which reflects the 


MONOCOTS 

Cotylcdon 1 (or the embryo sometimes un- 
differentiated ) 

Leaves mostly parallel-veined 

Fascicular cambium laeking; usually no 
cambium of any sort 

Vascular bundles generally scattered, or in 2 
or more rings ~* 

Floral parts, when of definite number, 
typically borne in sets of 3, seldom 4, never 
5 (carpels often fewer) 

Pollen of uniaperturate or uniaperturate- 
derived type 


Mature root system wholly adventitious 


totality of similarities and differences, as 
well as the path of evolution. Every char- 
acteristic of an organism is potentially im- 
portant taxonomically, and no character 
has an inherent, fixed importance. Each 
character is only as important as it proves 
to be in any particular instance in defining 
a group which has been perceived on the 
basis of all the available evidence. Experi- 
ence has shown that some characters are 
much more stable and thus more likely to 
be important than others, and that there 
are many essentially unidirectional evo- 
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lutionary trends; but any taxonomic sys- 
tem which assigns a fixed and necessary 
valuc to a particular character is to that 
extent artificial rather than natural. 

The external morphology and gross 
anatomy of angiosperms and other em- 
bryophytes are relatively easily studied and 
provide an amazing number of differences. 
They have, consequently, been the chief 
source of characters on which taxonomic 
systems have been based. Physiological 
and detailed anatomical or micromorpho- 
logical characters are potentially no less 
important, but it is very time-consuming 
to study enough individuals to make sure 
that the observed differences are taxonomi- 
cally significant. 

The difficulty of obtaining some sorts 
of information about plants has frequently 
tempted botanists to base far-reaching con- 
clusions on meager evidence, but there is 
no more correlation between the impor- 
tance of information and the difficulty of 
obtaining it than there is between the 
efficacy of a medicine and its taste. Chrom- 
osome number is an example of an impor- 
tant and useful character which is subject 
to abuse. It is now well known that the 
number of chromosomes in each cell tends 
to be constant for all individuals of a 
given species, and that differences in 
chromosome number are likely to be taxo- 
nomically important; but unfortunately 
there are many exceptions. There are 
thoroughly documented instances of plants 
which differ in chromosome number but 
are otherwise essentially alike and inter- 
breed freely in nature. Many legumes and 
other plants have cells with twice the nor- 
mal number of chromosomes scattered 
through part or all of the plant body. 
Plants of one particular strain of Xan- 
thisma texanum, a relative of the sun- 
flower, have one less pair of chromosomes 
in the root than in the shoot, one’ pair of 
chromosomes being lost from the radicle 
early in the development of the embryo. 

The genera and species of angio- 
sperms frequently have a characteristic as- 


pect, and the differences among them often 
reflect adaptations to particular ecological 
niches, such as habitat, method of pollina- 
tion, method of seed dispersal, and the 
like. Many of these taxa are readily recog- 
nizable without formal botanical training. 
Oak, maple, hickory, goldenrod, ragweed, 
primrose, nettle, elm, tulip, Norway maple, 
sugar maple, silver maple, and black maple 
are among the many common names 
which closely coincide with botanical 
genera Or species. 

The families of angiosperms, on the 
contrary, are not usually restricted to well- 
defined or even approximately mutually 
exclusive ecological niches. The vast ma- 
jority of angiosperms make and use essen- 
tially the same kinds of foods, using the 
same raw materials, which are obtained in 
the same way, and they rely on the same 
source of energy for food synthesis. Once 
the angiospermous condition has been at- 
tained, the further obvious changes which 
help to fit the plants to particular environ- 
ments mostly occur so casily and so fre- 
quently that they tend to mark species and 
genera rather than larger groups. Within 
the single large, technically well-defined 
family Compositae we find herbs, shrubs, 
vines, and trees, self-pollinated, wind-pol- 
linated, and insect-pollinated types, xero- 
phytes, mesophytes, and hydrophytes, grow- 
ing from below sea level (as in Death Val- 
ley) to above timberline, from tropical to 
arctic regions, with wind-distributed, mam- 
mal-distributed, and bird-distributed seeds, 
and seeds with no obvious means of dis- 
persal. 

The families, like all taxonomic cate- 
gories, are or should be based on the sum 
of the evidence available, but in the angio- 
sperms it is necessary to make extensive use 
of characters that have no evident signifi- 
cance in relating the plant to its environ- 
ment: such things as hypogyny, perigyny, 
and epigyny; apocarpy and syncarpy; axile, 
parietal, free-central, and basal placenta- 
tion; numerous or few floral parts; poly- 
petaly and sympetaly, etc. One of the 


greatest difficulties in the use of these 
characters is that the same sort of change 
has occurred repeatedly in different groups 
(parallelism), so that the sharing of one 
or a few advanced eharacters is no guaran- 
tee of relationship. 

Some botanists believe that these 
characters are more important to the plant 
than they at first seem, their significance 
being hidden but undiminished. Others 
believe them to be largely a result of in- 
ternal forces governing the kinds of evolu- 
tionary ehanges which oecur. In any case, 
the correlation of the higher categories of 
angiosperms with ecological niches is much 
less obvious than in the higher categories 
of land vertebrates, and the families and 
orders of angiosperms are correspondingly 
more recondite. 

Only a few angiosperm families, such 
as the Gramineae (grasses), Palmae, and 
Cactaeeae, stand out well enough by their 
gross appearance to have true common 
names (as opposed to the synthetie “com- 
mon” names often given in books). Even 
these groups are not as clear-cut on the 
obvious characters as might at first seem. 
Many African members of the Euphor- 
biaceae are very much like the Cactaceae 
in general appearance (Figs. 34.1, 34.2), 
although quite different in floral structure; 
and some members of the Cactaceae (e.g., 
Pereskia) do not look much like cacti. 

The emphasis on floral characters in 
the delimitation of families is a pragmatic 
development rather than a matter of prin- 
eiple. When the genera are arranged into 
groups on the basis of all that we know 
about them, it is usually found that the 
most eonsistent differences among the 
groups lie in the structure of the flowers 
and fruits. Other characters, such as the 
structure and arrangement of the leaves, 
the size and habit of the plant, and the 
special chemical eompounds produced, are 
often also useful, but less consistently so 
than the floral characters. 

Even the floral characters are not en- 
tirely dependable. The difference between 
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superior and inferior ovaries usually marks 
groups of at least family rank, but several 
families, such as the Rosaceae, Saxifraga- 
ceae, and Ericaceae, run the gamut from 
superior to inferior ovaries. Most of the 
larger families that usually have a well- 
developed corolla also include one or more 
genera or species without petals. ‘The irreg- 
ular corolla is one of the outstanding fea- 
tures of the Scrophulariaceae, but an occa- 
sional spontaneous change in a single gene 
eauses some snapdragons to produce regu- 
lar flowers instead. 

In spite of these difficulties, it has 
been possible to establish some 300 natural 
families which include practically all the 
known genera and species of angiosperms; 
and the number of genera of doubtful or 
controversial position is very limited. ‘There 
still remains some difference of opinion 
as to whether certain groups should be 
called families or subfamilies. Some bot- 
anists, for example, recognize a family 
Leguminosae, with three subfamilies, the 
Mimosoideae, Caesalpinioideae, and Papi- 
lionoideae, whereas others recognize these 
same three groups as closely related fami- 
lies. There is general agreement, however, 
as to which gencra should be referred to 
each of the three groups which collectively 
make up the Leguminosae. No one wishes 
to reshuffle the genera or to distribute 
them among other families outside the 
Leguminosae. 

The classification of the families of 
angiosperms into ord¢rs is not yet as sta- 
bilized as the assignment of genera to fami- 
lies, although all systems for the past 
eentury have much in common. Even dis- 
counting the sporadic exceptions men- 
tioned in the characters of families, it has 
been especially difficult to arrive at orders 
which are morphologically definable, and 
some botanists have found it necessary to 
accept the principle that the orders are 
definable only by the list of families in- 
cluded. Other botanists, including the 
author, have felt that by some rearrange- 
ment, and by the segregation of some of 
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the larger and less. coherent orders into degree of morphological coherence can be 
smaller ones, natural orders with a fair delimited. 


Fig. 34.1 One of the mas- 
sive species of Cereus (a cac- 
tus) in the Sonora desert of 
Mexico. (Photo by C. J. 
Chamberlain.) 


Fig. 34.2 A cactus-like Eu- 
phorbia in a semidesert in 
tropical Africa. (Photo from 
the Belgian Congo Survey.) 





HISTORY 


Theophrastus (370-285 B.c.), a stu- 
dent of Aristotle, is often called the Father 
of Botany. His classification of some 500 
kinds of plants was based primarily on 
habit (trees, shrubs, subshrubs, and 
herbs), with secondary use of the type of 
inflorescence (centripetal versus centri- 
fugal), position of the ovary, nature of the 
corolla (polypetalous versus sympetalous), 
duration (annual, biennial, or perennial), 
and othcr characters. 

Roman and medieval European bot- 
anists made no great improvement on 
Theophrastus’ classification, although the 
number of kinds of plants considered 
gradually increased, as did also the mor- 
phological characters by which they were 
recognized. All these botanists generally 
followed a polynomial system of nomencla- 
ture; i.e., the name of a plant consisted of 
several Latin words, forming a brief de- 
scription. The names of supposedly similar 
kinds of plants usually started with the 
same noun, which thus served as a sort of 
generic name, although most of these 
“genera?” were scarcely comparable to 
those recognized today. 

The Swiss-French botanist Jean Bau- 
hin (1541-1631) distinguished more 
clearly between genera and species, and 
foreshadowed the binomial system of 
Linnaeus. In his posthumous Historia Uni- 
versdlis Plantarum Nova et Absolutissima 
(1650), dealing with some 5000 kinds of 
plants, he gave a short name to each plant, 
as well as a longer description. Most of his 
names consisted of only two words: the 
name of the genus, followed by the specific 
epithet. 

The generic concept was further de- 
veloped by the Swiss botanist Joseph Pit- 
ton de Tournefort (1656-1708), who is 
sometimes called the Father of Genera. 
Tournefort’s genera mostly correspond well 
with modern concepts, and many of his 
names, such as Acer, Betula, Lathyrus, 
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Populus, and Salix, were taken up by Lin- 
naeus or later botanists and remain in use 
today. ‘Tournefort continued to use poly- 
nomials for species, however. 

The work of Linnaeus (see Chapter 
6) is the greatest landmark in the history 
of taxonomy. His Species Plantarum 
(1753), which treated all the known gen- 
era and species of plants in a binomial 
system, is the formal starting point for 
the nomenclature of angiosperms and 
other vascular plants. Some of his genera 
and species of angiosperms have subse- 
quently been further divided (or occasion- 
ally combined), but most of them survive 
with little if any change today. 

Linnaeus arranged the genera of 
plants into 24 admittedly artificial classes. 
The cryptogams, in which he had little 
interest, were all consigned to the twenty- 
fourth class; and his genera and species, 
particularly of the nonvascular forms, bear 
little resemblance to those admitted today. 
The 23 classes of seed plants were defined 
largely by the numbers of stamens and 
carpels, thus permitting the relatively easy 
assignment of most» genera to a particular 
class but often putting evidently allied 
genera in different classes. Linnaeus felt 
that the information and understanding 
then available were insufficient for the 
establishment of a natural arrangement of 
the genera, although in 1764 he did pro- 
vide a “fragment of a natural classifica- 
tion” which accurately predicted a number 
of groups later recognized. 

The first real progress toward group- 
ing the genera of angiosperms into natural 
families was made by the French botanist 
Antoine Laurent de Jussieu. His Genera 
Plantarum, published in 1789, recognized 
100 “natural ordcrs,” many of which cor- 
respond closely to families as now recog- 
nized. The Swiss botanist Augustin Pyra- 
mus de Candolle (1778-1841) recognized 
161 families which correspond even better 
to the families as recognized today. Subse- 
quent improvement of the classification of 
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genera into families has been made by a 
number of botanists and continues to the 
prescnt. 

De Candolle (Fig. 34.3) was appar- 
ently the first to perceive the major trends 
of floral evolution in angiosperms, al- 
though, as a pre-Darwinian, he wrote and 
apparently thought in terms of a series of 
special creations representing logically suc- 
cessive modifications of an original basic 
plan. He considered flowers with numer- 
ous free and distinct parts of all kinds 
(sepals, petals, stamens, and carpels) to 
represent the archetype. In modified or 
advanced types, the number of parts of 
each kind is reduced and stabilized, the 
parts of one kind become joined to each 
other and often to parts of another kind 
as well, and the parts of one kind become 
differentiated among themselves; in many 
cases, parts of a particular kind are omitted 
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Fig. 34.3 A. P. de Candolle (1778-1841), Swiss 
botanist whose concepts of relationships among 
angiosperm families foreshadowed modern opin- 
ion. 


4 


altogether. With the addition of the evo- 
lutionary concept, these same ideas pre- 
vail today (see p. 684). 

The British botanists George Ben- 
tham (1800-1884) and Joseph Dalton 
Hooker (1817-1911) (Fig. 34.4) published 
a treatment of the genera of seed plants, 
under the title Genera Plantarum, in 
1862-1883. The Bentham and Hooker sys- 
tem was essentially an elaboration and 
modification of the system which de Can- 
dolle did not live to complete. The fami- 
lies in their system correspond closely, for 
the most part, to the families recognized 
today, and they made the first real prog- 
ress toward grouping the families into 
natural orders, which they called cohorts. 
Although both Bentham and Hooker be- 
came convinced evolutionists, the basic 
outline of their system was conceived be- 
fore Darwin’s work was published, and the 
Bentham and Hooker system is not to be 
considered a phylogenetic system. 

One of the great values of the Ben- 
tham and Hooker system is that their de- 
scriptions of the genera were very carefully 
drawn up, making use of the very large 
collection of specimens preserved at the 
Royal Botanic Gardens at Kew. Even now 
the descriptions of genera provided in local 
or regional floras are often derived directly 
from Bentham and Hooker. 

The first avowedly evolutionary sys- 
tem of angiosperms was developed by the 
German botanist Adolf Engler (1844- 
1930) (Fig. 34.5) and his associates, draw- 
ing on some principles set up by August 
Wilhelm Eichler (1839-1887), another 
German botanist. Die natiirlichen Pflan- 
zenfamilien, a multivolume work pub- 
lished from 1887 to 1899, provided a com- 
plete treatment of the divisions, classes, 
orders, families, and genera of plants of 
the world. The thoroughness of the Engler 
system, combined with the simplicity and 
apparent logic of its principles, made 
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Fig. 34.4 George Bentham (1800-1884), left, and J. D. Hooker (1817-1911), right, British 


botanists, 


authors of a Genera Plantarum. 
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Engler the most influential botanist of his 
time; and his system became the dominant 
system throughout most of the world, al- 
though British botanists mostly stood by 
the Bentham and Hooker arrangement. 

The principal flaw in the Engler sys- 
tem is that in general it equates the simple 
with the primitive, largely ignoring the 
significance of reduction. Although there 
is a certain logical satisfaction in placing 
plants with the simplest flowers first in the 
scheme and proceeding to those progres- 
sively more complex, it is now quite clear 
that such was not the course of evolution. 
The various kinds of angiosperms which 
lack a well-developed perianth do not form 
a single coherent group but represent sev- 
eral separate reductions from groups with 
the perianth well-developed. Even when 
there is no external evidence of a corolla 
or a perianth, the receptacle often con- 
tains vascular traces which end blindly and 
appear to be directed toward the missing 
parts. It is only by starting with plants of 
essentially the de Candollean archetype 
that a coherent organization can be made, 
starting at one point and branching out 
into a number of separate lines of devel- 
opment. 

The Engler scheme postulates the re- 
peated origin of the perianth through a 
series of rudimentary stages in which it 
can have no possible function. One of the 
outstanding principles of evolution, how- 
ever, (see Chapter 38) is that organs do 


not arise functionless. New organs are 
formed, rather, by modification of pre- 
viously existing organs. It is not difficult 
to see sepals as modified leaves and petals 
as modified sepals or modified stamens; it 
is much more difficult to see them as 
totally new organs, with the first step being 
a blind vascular trace or a mere bump on 
the receptacle. , 

The first serious challenge to the 
Engler system, on an evolutionary basis, 
was made by the American botanist 
Charles E. Bessey (Fig. 34.5) in 1898. His 





scheme, as further elaborated in 1915, is a 
lineal descendant of the de Candolle and 
the Bentham and Hooker arrangements 
and shares with them the premise that the 
archetype of the angiosperm flower had 
numerous free and distinct parts of all 
kinds. Bessey’s scheme was not nearly so 
detailed as that of Engler, consisting in- 
stead of a brief synopsis of the families 
and orders, accompanied by a chart show- 
ing the purported relationships of the 
orders, and a series of evolutionary dicta 
which formed its philosophical foundation. 
Bessey’s system has attracted some support, 
especially in the United States, but many 
botanists have felt that, although it is 
sound in principle, it needs extensive cor- 
rection in detail. 

The arrangements of the orders of 
angiosperms into a comprehensive system 
still arouses active and major disagree- 
ment, as does the definition of the orders 
themselves. Detailed studies of many fami- 
lies, with emphasis on vascular anatomy, 
embryology, and pollen structure, often 
supplemented by biochemical data, have 






Fig. 34.6 Armen Takhtajan (1910- ), Soviet 
Armenian botanist, author of an influential recent 
system of classification of flowering plants. 


clearly shown that none of the historical 
systems is even approximately correct. It 
is generally agreed that nearly all of Bes- 
sey’s dicta are well founded, but the exten- 
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Fig. 34.7 Probable relationships among the sub- 
classes of dicotyledons. The size of the balloons is 
proportional to the number of species in each 
group. (From Cronquist, Evolution and classifica- 
tion of flowering plants, Houghton Mifflin, Boston, 
1968.) 
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sive parallelism among the families and 
orders prevented him from producing a 
sound system with the data then available. 

The modern systems that have per- 
haps attracted the most favorable attention 
are those of the Soviet Armenian botanist 
Armen Takhtajan (1910- , Fig. 34.6) 
and the American botanist Arthur Cron- 
quist (1919-  , Fig. 14.4), the most re- 
cent full-dress versions being presented in 
1966 and 1968 respectively. These systems, 
both essentially Besseyan in outlook, were 
developed at first independently of each 
other, and later in consultation; successive 
versions show a certain convergence, but 
some differences remain. In thesc systems 
the dicotyledons are grouped into six sub- 
classes (Magnoliidae, Hamamelidae, Caryo- 
phyllidae, Dilleniidae, Rosidae, and Asteri- 
dae) (Fig. 34.7), and the monocotyledons 
into four (Alsimatidae, Arecidae, Com- 
melinidae, and Liliidae) (Fig. 34.8). These 
subclasses are convenient mental units, but 
most of them are not sharply delimited 
morphologically; there are many exceptions 
to the listed characters. 


EVOLUTIONARY TRENDS 


The evolutionary trends among the 
angiosperms are now fairly well under- 






Fig. 34.8 Probable relation- 
ships among the subclasses of 
monocotyledons. The size of 
the balloons is proportional 
to the number of species in 
each group. (From Cronquist, 
Evolution and classification of 
flowering plants, Houghton 
Mifflin, Boston, 1968.) 
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stood, although much of the evidence is 
indirect. An interesting confirmation of 
the concepts about floral evolution is fur- 
nished by the comparative anatomy of 
the xylem. Aside from any other concepts 
about relationships and evolution, it is 
clear that vessel segments are modified 
tracheids, and that barrel-shaped vessel 
segments without end walls are more ad- 
vanced than elongate, narrow vessel seg- 
ments with slanting, perforated end walls. 
Some other trends in xylem specialization 
are equally clear. There is a strong statis- 
tical correlation between primitive xylem 
characters and the floral characters be- 
lieved, on less tangible grounds, to be 
primitive. The correlation is not perfect, 
nor need it be. Evolution does not pro- 


4 


gress continuously at thc same rate in all 
characters in all groups; in any particular 
group at a particular time, one character 
may be stable while another is rapidly 
changing. 

In the following list, some of the 
characters believed to be primitive within 
the angiosperms are given in the left-hand 
column, and the contrasting advanced 
characters in the right-hand column. 
When it is desired to indicate successive 
stages in advancement, these are given in 
order in the right-hand column, separated 
by a semicolon. 

No plant is known to have all the 
primitive characters listed below, but a 
number of tropical trees, particularly from 
the Malaysian region, are primitive in most 





PRIMITIVE 


Tropical 

Woody 

Cambium active 

Long-lived 

Vascular bundles in a cylinder, enclos- 

ing a pith 

Vessels none 

Sieve cells with lateral sieve areas that 

do not form a terminal plate 

8. Chlorophyll present 

9. Evergreen 

10. Leaves simple 

11. Leaves alternate 

12. Stipules present 

13. Leaves net-veined 

14. Flowers regular 

15. Flowers perfect 

16. Flowers hypogynous 

17. Floral parts of each kind many, spirally 
arranged 

18. Perianth undifferentiated 
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19. Petals separate 


20. Stamens not differentiated into filamcnt. 


and anther, the pollen sacs embedded 
in the broad lamina 

21. Carpels merely folded, stigmatic along 
the unsealed margin 


ADVANCED 


‘Temperate 

Herbaceous 

Cambium none 
Short-lived 

Vascular bundles scattered 


Vessels present 
Sieve tubes with a terminal sieve plate 


Chlorophyll none 

Deciduous 

Leaves compound 

Leaves opposite 

Stipules none 

Leaves parallel-veined 

Flowers irregular 

Flowers unisexual 

Flowers perigynous; flowers epigynous 
Floral parts of each kind few, cyclic 


Perianth differentiated into calyx and corolla; 
petals and/or even sepals may thereafter 
be lost 

Petals united 

Stamens differentiated into filament and 
anther 


Carpel fully closed, the stigma terminal 


22. Carpels separate 


23. Pollen uniaperturate 

24. Pollen 2-nucleate at time of pollination 
25. Pollination by beetles 

26. Fruit dehiscent 

27. Endosperm well developed 

28. Cotyledons several 

29. Germination epigaeous 
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Carpels united, the placentation axile; 
placentation may thereafter become pa- 
rietal, or may become free-central and then 
basal 

Pollen triaperturate 

Pollen 3-nucleate at time of pollination 

Pollination by othcr agents 

Fruit indehiscent 

Endosperm none 

Cotyledons 2; cotyledon 1 

Germination hypogaeous 





respects, and Degeneria, the only genus of 
the family Degeneriaceae, is notably prim- 
itive except for having only one carpel. 
The Degeneriaceae and a number of other 
relatively primitive families constitute the 
order Magnoliales, based on the family 
Magnoliaceae. It is believed that the char- 
acters of the hypothetical original angio- 
sperm would place it in the order Mag- 
noliales. 

Although it is believed that several of 
the evolutionary trends listed here are es- 
sentially irreversible, there is no doubt that 
reversals of some others do occur. Plants of 
the temperate zone have certainly rein- 





vaded the tropics in some cases; deciduous 
plants have become evergreen again; com- 
pound leaves have become simple by loss 
of all but the terminal leaflet; and parallel- 
veined leaves have become obviously net- 
veined again. On the other hand, plants 
that have lost their cambium do not again 
develop a fascicular cambium, although 
they may develop a cambium that does not 
pass through the bundles; plants that have 
lost chlorophyll do not again develop it; 
epigynous flowers almost never become hy- 
pogynous; and united floral parts of any 
kind only rarely become separate again. In 
general, once a structure is lost, it is not 





Fig. 34.9 Flowers of Magnolia grandiflora (left) and Coptis trifolia (family Ranunculaceae) 
(right). These flowers are believed to be primitive in having numerous stamens and separate 
carpels. (Magnolia photo by W. D. Brush, U.S. Forest Service; Coptis photo courtesy of J. 


Arthur Herrick.) 
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Fig. 34.10 Male (/eft) and female (right) catkins (inflorescences) of willow. This sort of 








flower, consisting of only a single pistil or a few stamens, and without perianth, was be- 
lieved by Engler to be a primitive type; it is now regarded as reduced. (Photos courtesy of 


J. Arthur Herrick.) 


regained in its orginal form, although some 
other structure may be modified to resem- 
ble it and perform a similar function. 


Some Representative Families 


A. DICOTS 


MAGNOLIACEAE 


The Magnoliaccae, of the order Mag- 
noliales and subclass Magnoliidae, consist 
of 10 genera and about 200 species, widely 
distributed in temperate and tropical re- 
gions. They are woody plants with stipulate 
leaves, large, mostly perfect flowers, a well- 
developed penanth which is not always 
differentiated into sepals and petals, nu- 
merous, spirally arranged stamens, and 
numerous, spirally arranged, separate car- 
pels on an elongate receptacle. Many spe- 
cies of Magnolia (Fig. 34.9) are cultivated 


for ornament. Liriodendron (tulip tree, see 


opening figure of Chapter 23), consisting 
of two closely related species, one native to 
the eastern United States, the other to 
eastern China, has valuable wood and 1s 
often planted as a street tree. The eastern 
Asia—eastern United States distribution 
falls into a well-known pattern first eluci- 
dated in 1859 by the American botanist 
Asa Gray (1810-1888). This pattern is be- 
lieved to indicate that a large and relatively 
uniform forest (the Arcto-Tertiary forest) 
connected these two areas through Alaska 
and Siberia during the Tertiary period. 


RANUNCULACEAE 


The Ranunculaceae, of the order Ra- 
nunculales in the subclass Magnoliidae, con- 
sist of about 50 genera and some 2000 spe- 
cies, widely distributed but most abundant 
in the Northern Hemisphere, especially in 
cool or mountainous regions. They are 
herbs with exstipulate, often cleft or com- 
pound leaves, and many of them contain 
characteristic alkaloids. They have hy- 





pogynous flowers with separate carpels and 
more or less numerous stamens. The petals, 
when present, produce nectar and are often 
obviously derived by modification of sta- 
mens. Buttercups (Ranunculus), wind- 
flower (Anemone), hepatica (Hepatica, 
Fig. 34.11), and larkspur (Delphinium) are 
familiar members of the Ranunculaceae. 


MORACEAE 


The Moraceae, with about 60 genera 
and 1500 mostly tropical and subtropical 
species, are the largest family of the order 
Urticales, in the subclass Hamamelidae. 
They are mostly woody plants with a milky 
juice and stipulate leaves. The flowers are 
small and unisexual, with an inconspicuous 
calyx and no corolla, commonly crowded 
in dense clusters, and mostly pollinated by 
wind. The fig (Ficus), mulberry (Morus) 
and breadfruit (Artocarpus, Fig. 35.6) are 
familiar members of the Moraccae. 


FAGACEAE 


The Fagaceae, with 7 genera and 
about 600 species, are the largest family in 
the order Fagales of the subclass Hamame- 
lidae. They occur throughout the world, 
often being dominant components of tem- 





Fig. 34.11 Flower of Hepatica, in the Ranuncu- 
laceae. (Photo courtesy of J. Arthur Herrick.) 
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Fig. 34.12 Acorn of scarlet oak, Quercus coc- 
cinea, in the family Fagaceae. (U.S. Forest Service 
photo by W. D. Brush.) 


perate forests. They are trees and shrubs 
with simple, alternate, stipulate leaves and 
very much reduced, unisexual flowcrs, the 
staminate ones often in catkins (see Fig. 
31.20). The fruit (Fig. 34.12) is a nut 
subtended or enclosed by an often strongly 
modified involucre. Oak (Quercus), beech 
(Fagus), and chestnut (Castanea) are eco- 
nomieally important members of the fam- 
ily, various species being useful for lumber, 
for their edible sceds, and as shade trees. 


CARYOPHYLLACEAE 


The Caryophyllaceae, with about 80 
genera and 2000 species, are one of the 
largest families in the order Caryophyllales 
of the subclass Caryophyllidae. Most of 
them occur in temperate regions of the 
Northern Hemisphere. They are mostly 
herbs with simple, opposite leaves and 
hypogynous flowers that have a free-central 
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or basal placenta. Unlike most of the fami- 
lies of the order, they have anthocyanins 
instead of betalains as flower pigments. 
The petals are separate from each other, 
but the sepals are often united into a tube. 
Carnation (Dianthus), baby’s breath 
(Gypsophila) and chickweed (Stellaria) 
are familiar members of the Caryophyl- 
laceae. 


CACTACEAE 


The Cactaceae, with nearly 200 genera 
and about 2000 species, have often becn 
treated as a separate order but are now 
generally included in the Caryophyllales. 
They are native only to the New World, 
but they have been introduced in many 
parts of the Old World, and they are often 
shown in modern representations of Bibli- 
cal scenes. Cacti (Fig. 34.13) are succu- 
lent, usually spiny plants, occasionally 
reaching tree size, with the leaves mostly 
very much reduced or absent. They gen- 
erally have epigynous flowers with parietal 
placentation, numerous stamens, and nu- 
merous perianth members with little dis- 
tinction between the petals and the petal- 





like sepals. The flower pigments are beta- 
lains rather than anthocyanins. Although 
they usually occur in dry places in warm 
regions, some species grow in forests, and 


one species extends as far north as Canada. 


CRUCIFERAE 


The Cruciferae, or Brassicaceae (mus- 
tard family), with about 350 genera and 
3000 species, belong to the order Cappa- 
rales in the subclass Dilleniidae. ‘They grow 
chiefly in extratropical regions of the 
Northern Hemisphere. Members of the 
mustard family are mostly herbs with four 
sepals, four petals which spread out to 
form a cross (whence the name Cruci- 
ferae), six stamens (the two outer shorter 
than the four inner), and a characteristic 
type of dry, dehiscent fruit (silique, if 
elongate; silicle, if short) with the ovules 
attached to the margins of a partition that 
persists on the pedicel after the walls of 
the fruit have fallen off. Many members of 
the mustard family have a mildly peppery 
odor or taste, caused by a characteristic 
metabolic product called mustard oil. Mus- 
tard, broccoli, cabbage, cauliflower, brus- 


Fig. 34.13 Cacti in the con- 
servatory at the New York 
Botanical Garden. (New York 
Botanical Garden photo.) 


sels sprouts, rutabagas, and turnips are 
familiar cultivated forms of Brassica. Other 
cultivated crucifers include radish (Rap- 
hanus), watercress (Rorippa), horse-radish 
(Armoracia), candytuft (Iberis), and sweet 
alyssum (Lobularia). The genera of the 
Cruciferae are distinguished from each 
other by such minor characters, and they 
are so thoroughly linked by transitional 
species that one exasperated botanist at 
the beginning of the twentieth century 
treated them all as a single genus Cruci- 
fera. 


ERICACEAE 


The Ericaceae (heath family), of the 
order Ericales in the subclass Dilleniidae, 
consist of about 80 genera and some 2500 
species, occurring chiefly in acid soils of 
temperate regions and higher elevations in 
the tropics. Most of them are strongly 
mycorhizal herbs or shrubs, often ever- 
green, with sympetalous flowers. ‘The an- 
thers usually open by terminal pores and 
are often variously appendaged; thc pollen 
grains remain grouped in tetrads. Rhodo- 
dendrons and azaleas (Rhododendron), 
mountain laurel (Kalmia), manzanita 
(Arctostaphylos), blueberries and cranber- 
ries (Vaccinium), and trailing arbutus 
(Epigaea) are familiar members of the 
Ericaceac. Some members of the closely 
rclated family Pyrolaceae, such as the In- 
dian pipe (Monotropa uniflora, Fig. 25.14) 
have become so dependent on their myco- 
thizal fungus that they no longer have 
chlorophyll and are unable to make their 
own food. Such plants arc often loosely 
called saprophytes, although it is really the 
fungal component of the mycorhiza that 1s 
saprobic. 


ROSACEAE 


The Rosaceae, with about 3000 spe- 
cies grouped into some 100 genera, are the 
type family of the order Rosales in the sub- 
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Fig. 34.14 Wild rose, from Alaska. (Photo by 
Charlie Ott, from National Audubon Society.) 





class Rosidae. They occur throughout most 
of the world but are most common in 
temperate regions. They have alternate, 
stipulate leaves, perigynous to epigynous 
flowers with mostly five separate petals and 
numcrous stamens attached to the hypan- 
thium, and the seeds generally lack endo- 
sperm. The carpels may be separate or 
united, and solitary to numerous. The fam- 
ily is also highly variable in several other 
respects, but the different genera all clearly 
belong together in, one group. The Rosa- 
ceae are noteworthy for the numerous spe- 
eles which produce edible fruits, including 
the apple, pear, quince, cherry, plum, 
prune, peach, nectarine, apricot, black- 
berry, raspberry, and strawberry. A number 
of shrubs and small trees belonging to the 
Rosaceae, including the rose, hawthorne, 
mountain ash, and spiraea, are cultivated 
for ornament. 


LEGUMINOSAE 


The Leguminosae (Fabaceae, the 
legume family), with more than 500 genera 
and perhaps 13,000 specics widely dis- 
tributed throughout the world, are one of 
the largest families of flowering plants. In 
a broad sense they may be included in the 
order Rosales, but some botanists establish 
a separate order (Fabales) for the legumes 
and recognize three families instead of only 
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Fig. 34.16 Albizia julibrissin, a relative of Mimosa, at 


(Photos courtesy of T. H. Everett.) 


one. Legumes characteristically have com- 
pound leaves, more or less perigynous flow- 
ers, five separate petals, and a solitary car- 
pel which ripens into a dry fruit dehiscing 
along two sutures. Most species of tem- 
perate regions are herbs with ten stamens 
and a characteristic type of irregular corolla, 
but many of the tropical members, such as 
Mimosa, are trees with numerous stamens 
and a regular corolla. All degrees of transi- 
tion exist between these two seemingly 
very distinct types. Many legumes are culti- 
vated: peas, beans, soybeans, and peanuts 
for their edible seeds; alfalfa, clover, and 





Fig. 34.15 Flower structure 
of bristly locust (Robinia his- 
pida), a legume native to 
eastern United States. (New 
York Botanical Garden 
photo.) 





al, 


- 


the New York Botanical Garden. 


vetch for fodder; sweet pea, lupine, wis- 
teria, and redbud for ornament. Several 
species of Astragalus and Oxytropis occur- 
ring in the western United States are 
known as loco-weed because of their effect 
on livestock which become addicted to 
them. 


UMBELLIFERAE 


The Umbelliferae (Apiaceae), with 
about 200 genera and 3000 species, belong 
to the order Araliales in the subclass Rosi- 
dae. Most of them occur in temperate and 


subtropical regions of the Northern Hemi- 
sphere. They are herbs with alternate, usu- 
ally compound or dissected leaves, mostly 
umbellate (often compound) inflorescence, 
and a two-carpellate, inferior ovary which 
ripens into a schizocarp. Many of them are 
aromatic. Carrot (Daucus), parsnip (Pas- 
tinaca), parsley (Petroselinum), and cel- 
ery (Apium) are cultivated for food, anise 
(Pimpinella), caraway (Carum), dill 
(Anethum), and fennel (Foeniculum) for 
flavoring. Water hemlock (Cicuta) and 
poison hemlock (Conium) are highly poi- 
sonous; the latter was used for execution in 
ancient Greece. 


EUPHORBIACEAE 


The Euphorbiaceae (spurge family), 
with about 300 genera and 7500 species, 
are the principal family of the order Eu- 
phorbiales in the subclass Rosidae. ‘They 
occur throughout the world but are most 
abundant in the tropics. They are herbs, 
shrubs, or more often trees, usually with a 
milky latex. Some of the African species 
are leafless, spiny succulents, much like 
cacti in general appearance, but with very 
different flowers. The flowers of Euphor- 
biaceae are unisexual and more or less re- 
duced, sometimes aggregated into small in- 
florescences which superficially resemble 
individual flowers. The ovary is superior 
and trilocular, each locule bearing one or 
two seeds with a caruncle near the micro- 
pyle and with well-developed endosperm. 
Economically important products of the 
family include rubber (Hevea), tung oil 
(Aleurites), castor oil (Ricinus), and cas- 
sava and tapioca (Manihot): Poinsettia (a 
subgroup of Euphorbia) is commonly cul- 
tivated for ornament. 


SOLANACEAE 


The Solanaceae (potato family), with 
about 85 gencra and perhaps 2300 species, 
belong to the order Polemoniales in the 
subclass Asteridae. They are most abun- 
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dant in tropical America, but a number of 
species are native to other parts of the 
world, including the United States. ‘The 
Solanaceae have sympetalous, usually regu- 
lar flowers with a two-carpellate, superior 
ovary and usually five stamens attached to 
the corolla tube alternate with the lobes. 
Well over half the species belong to the 
immense genus Solanum. “Insh” potatoes, 
(Solanum tuberosum), tomatoes (Lyco- 
persicon esculentum), tobacco (Nicotiana 
tabacum), peppers (Capsicum), deadly 
nightshade (Atropa belladonna), and pe- 
tunias are well known in cultivation. Many 
genera contain alkaloids such as atropine, 
stramonium, hyoscyamine, and scopola- 
mine—the last is one of the “truth-drugs.” 


SCROPHULARIACEAE 


The Scrophulariaceae, a cosmopoli- 
tan family with about 200 genera and 
3000 species, belong to the order Scrophu- 
lariales in the subclass Asteridae. ‘They are 
mostly herbs with a sympetalous, distinctly 
irregular corolla and commonly four or 
only two stamens, the fifth stamen some- 
times being represented by a staminode; 
the ovary is superior and bicarpellate, gen- 
erally ripening into a capsule. Snapdragons 
(Antirrhinum) and foxglove (Digitalis, 
Fig. 35.14) are commonly cultivated. Pen- 
stemon (Fig. 34.17), Mimulus, and Cas- 
tilleja (paintbrush) are among the most 
common and showy wild flowers of the 
western United States. Some members of 
the family are partly parasitic, developing 
haustoria which penetrate the roots of 
other plants. 


LABIATAE 


The Labiatae (Lamiaceae, the mint 
family), with about 200 genera and 3200 
species, belong to the order Lamiales in 
the subclass Asteridae. They are found 
throughout most of the world but are espe- 
cially eommon in the Mediterranean re- 
gion, Mints are mostly herbs with a square 
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Fig. 34.17 Flowers of Penstemon ovatus, a mem- 
ber of the Scrophulariaceae. (New York Botanical 
Garden photo.) 


stem and opposite leaves, generally aro- 
matic, with an irrcgular, commonly bi- 
labiate, sympetalous corolla, two or four 
stamens, and a characteristic two-carpel- 
late, deeply four-lobed pistil which ripens 
into four achene-like, separating segments, 
usually called nutlets. Catnip (Nepeta), 
sage (Salvia), lavender (Lavandula), thyme 
(Thymus), horehound (Marrubium), and 
the several kinds of true mint (Mentha) 
are familiar members of the Labiatae. 


COMPOSITAE 


The Compositae (Asteraceae), with 
nearly 1000 genera and perhaps as many 
as 20,000 species, are usually considered to 
be the largest family of angiosperms. They 
make up a distinctive order, Asteralcs, in 
the subclass Asteridae. They occur on all 
continents, most abundantly in temperate 


| 

and warm-temperate regions, especially in 
areas or habitats that are not densely for- 
ested. In most parts of the temperate zone 
from 10 to 15 percent of the species of 
angiosperms are composites. The family 
gets its name from the compact heads 
which simulate individual flowers; thus 
what appears to be a single flower is really 
a “composite flower.” Most of the species 
of ordinary temperate regions are herbs, 
but many of those in warm-temperate and 
tropical regions are shrubs, and a few are 
real trees. Composites have a bicarpellate, 
inferior ovary with a single seed, stamens 
connate by their anthers, and a sympet- 
alous corolla; the calyx, when present, is 
highly modified, consisting of scalcs, hairs, 
or stiff bristles. Well over half the mem- 
bers of the family have two kinds of flow- 
ers in each head (Fig. 34.18), the central 
flowers (disk flowers) being relatively small 
and generally perfect, with regular corolla, 
whcreas the marginal flowers (ray flowers) 
are pistillate or neutral and have an en- 
larged, petal-like, strap-shaped corolla. 
Composites are especially important as 
ornamentals, because of their relatively 
large, showy heads. Asters (Aster and Calli- 
stephus), goldenrod (Solidago), chrysan- 
themum, dahlia, cosmos, marigold (Ta- 
getes), lettuce (Lactuca), dandelion (Ta- 
raxacum), sunflower (Helianthus), thistle 
(Cirstum and other genera), and zinnia 
are familar composites. Ragweed (Ambro- 
sia) and cocklebur (Xanthium), with very 
much reduced, inconspicuous, wind-polli- 
nated flowers, belong to a special evolu- 
tionary sideline within the family. 


B. MONOCOTS 


ALISMATACEAE 


The Alismataceae, a widely distributed 
group of about 10 genera and 70 species, 
represent the order Alismatales in the sub- 
class Alismatidae. They are mostly aquatic 
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Fig. 34.18 Head and indi- 
vidual flowers of the com- 
mon sunflower (Helianthus 
annuus), a characteristic mem- 
ber of the Compositae. (New 
York Botanical Garden pho- 
tos.) 


herbs with typically three sepals, three 
petals, and more or less numerous (some- 
times only 6) spirally (sometimes cycli- 
cally) arranged stamens and pistils. Many 
botanists believe that the monocots as a 
whole are of aquatic origin, and the Alis- 





mataceae are regarded as one of the most 
primitive families in the group. Sagittaria 
(arrowhead) is of considerable interest be- 
cause some of its species show all transi- 
tions, even on the same plant, between two 
quite diffcrent kinds of leaves. The one 
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type has a normal petiole and a well- 
defined floating blade with essentially 
palmate venation, whereas the other type 
consists of a flattened, bladcless petiole 
with parallel veins, looking much like a 
more typical monocot leaf. Many botanists 
believe that the characteristic narrow, par- 
allel-veincd leaf of most monocots is in 
origin a flattened petiole. Because their 
seeds lack endosperm, and for other rea- 
sons, the Alismatales cannot be directly 
ancestral to the other monocots, but Sagit- 
taria does show how the typical monocot 
leaf may have originated. 


GRAMINEAE 


The Gramineae (Poaceae, grasses), a 
cosmopolitan family with about 500 genera 
and perhaps 8000 species, belong to the 
order Juncales in the subclass Commelini- 
dae. They are probably the most important 
single family of plants, from a human 
standpoint. The importance of wheat as a 
staple food in much of the Western world 
is surpassed only by that of rice, another 
grass, in the Orient. Corn, oats, rye, barley, 


Fig. 34.19 Head of chicory 
(Cichorium intybus), a com- 
posite with the flowers all ray 
flowers and all perfect. Note 
the five teeth, indicating five 
corolla lobes, at the end of 
each flower. (Photo courtesy 
of J. Arthur Herrick.) 


sugar cane, and bamboo (Fig. 34.20) are 
some other important grasses. Grass is a 
staple food for grazing animals, which in 
turn are eaten by other predators and by 





Š 
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Fig. 34.20 mgambo KTERE" in cobia Bam- 
boos are the largest of all grasses. (Photo courtesy 
of José Cuatrecasas.) 


man. ‘The intercalary meristem at the base 
of the leaf blade of grasses enables them to 
withstand grazing better than most other 
plants, because the leaf continues to grow 
from the base after it has been cropped 
off at the top. 

The grasses have very much reduced 
flowers, essentially without perianth, ar- 
ranged in characteristic small, bracteate 
spikes called spikelets. The bracts are usu- 
ally dry and papery in texture, have special 
names according to their position, and are 
the most conspicuous parts of the spikelet. 
The spikelets are arranged into a secondary 
inflorescence, most commonly a panicle, 
sometimes a spike or raceme. Most grasses 
are wind-pollinated or sclf-pollinated, and 
many are apomictic. 


ARACEAE 


The Araceae (aroids), with about 110 
genera and some 1800 species, are the larg- 
est family of the order Arales in the sub- 
class Arecidae. They are mostly tropical 
and subtropical herbs of the forest floor, 
but some of them, such as Jack-in-the- 
pulpit (Arisaema triphyllum, Fig. 34.21) 
occur in temperate regions such as the 
eastern United States. Many aroids have an 
expanded, pinnately net-veined blade of 
dieotyledonous appearance, but these are 
believed to be phyletically secondary, and 
thcre are all transitions within the family 
to the more typical monocot leaf. The 
flowers of aroids are more or less reduced, 
and are crowded into a fleshy spike callcd a 
spadix, which is subtended by a specialized 
leaf called a spathe. Philodendron and 
Dieffenbachia (dumb eane) are popular as 
house plants and in business offices because 
they do not require as much light as many 
other plants. Both are highly poisonous; 
Philodendron, which destroys kidney func- 
tion, is a prime cause of death of house 
cats, and Dieffenbachia can cause the hu- 
man throat and tongue to swell to the 
point of strangulation. 
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Fig. 34.21 Jack-in-the-pulpit (Arisaema triphyl- 
lum), a common aroid of the eastern United States. 
(Photo by Horst Bielfield, from National Audubon 


Society.) 


a 


PALMAE 


The Palmae (Arecaceae, the palms) 
are the only family of the order Arecales 
in the subclass Arecidae. ‘There are more 
than 200 genera and some 3500 species, 
widespread in tropical regions of both the 
Old and the New World. Most palms are 
trecs with an unbranched trunk and a 
terminal crown of large leaves with an 
anatomically unique ontogeny. Some palms 
are climbing, with scattered Icaves, or have 
such a short stem that the leaves appear 
to arise from the ground. Palms differ from 
the vast majority of other monocots in 
being woody, but as in other woody mono- 
cots the woodiness derives from the lignifi- 
cation of other tissues rather than from the 
presence of great amounts of xylem. 
Woodiness in palms, as in other monocots, 
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is probably secondary. Palm flowers are in- 
dividually small but have an evident, 
biseriate perianth of 6 members. ‘The in- 
florescence 1s often subtended by a large 
spathc. The coconut palm (Cocos, Fig. 
34.22) and the date palm (Phoenix, Fig. 
35.5) are among the economically more 
important palms. A number of others, 
especially the Washingtonia, are familiar 
in cultivation in Florida and southern 
California. 


LILIACEAE 


The Liliaeeae (lily family), with about 
300 genera and more than 4000 species, are 


the largest family of the order Liliales in 
the subclass Liliidae. ‘They are widely dis- 
tributed, but especially common in tropical 
and warm-temperate regions that are not 
densely forested. Most of them are peren- 
nial herbs, often from bulbs or corms, with 
narrow, parallel-veined leaves, a superior to 
inferior, three-carpellate ovary, and three 
petaloid sepals that are much like the three 
petals (Fig. 34.23). The Liliaceac are the 
most “typical” monocots, providing the 
mental image of what a monocot “ought” 
to look like. ‘Tulips, true lilies (Lilium), 
Mariposa lily (Calochortus), asparagus, 
and onion (Allium) arc familiar members 
of the lily family that have a superior ovary. 





Fig. 34.22 Palms. Left, inflorescence of Guilielma, in Colombia. (Courtesy of José Cuatre- 
casas.) Right, coconut palms in Costa Rica. (New York Botanical Garden photo.) 





Fig. 34.23 Wild onion (Allium canadense), a 
member of the lily family. Note that some of the 
flowers are replaced by bulblets in this species; 
these drop off and start new plants. (Photo cour- 
tesy of J. Arthur Herrick.) 
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Day-lilhes (Hemerocallis), amaryllis, and a 
number of other lilies with the ovary in- 
ferior have often been grouped into a sepa- 
rate family Amaryllidaceae, but it is now 
believed that the inferior ovary has origi- 
nated several times within the group. Some 
cytologically distinctive, vegetatively coarser 
relatives of the Liliaceae, with firm leaves 
and often with woody stems, are now fre- 
quently separated into a family Agavaceae. 
Yucca (Fig. 34.24), in this group, has a 
superior ovary, but Agave has the ovary 
inferior. 


ORCHIDACEAE 


The Orchidaceae, with some 600 
genera and perhaps as many as 20,000 spe- 


Fig. 34.24 Joshua tree (Yuc- 
ca brevifolia) in the desert in 
southern Nevada. 
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cies, are the principal family of the order 
Orchidales in the subclass Liliidae. They 
are the largest family of monocots, com- 
parable in sizc to the Compositae among 
the dicots. Orchids are widely distributed, 
but are most common in the moister parts 
of the tropics, especially as epiphytes. They 
have epigynous, highly modified and ir- 
regular, often very showy flowers (Fig. 
34.25), intricately adapted to various spe- 
cialized pollinators, and very numerous, 
very tiny seeds, with a minute and undif- 
ferentiated embryo. Most of them are 
strongly mycorhizal, and a few lack chloro- 
phyll, being dependent on the fungal asso- 
ciate for food. Vanilla flavoring is denved 
from fruits of the tropical genus Vanilla. 


See 
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Fig. 34.25 Pink moccasin-flower (Cypripedium 
acaule), an orchid native to woodlands in eastern 
United States. 


4 
Otherwise orchids are important chiefly as 
ornamentals; Cattleya, in particular, is 
much used for corsages. 


NOMENCLATURE: 


It has often happened that the same 
species has been named more than once, 
due to misunderstanding of the specific 
limits, or to ignorance of names published 
in other countries by other botanists, or 
even through dissatisfaction with existing 
known names. The same name has some- 
times also becn applied to more than one 
plant. 

During the nineteenth century the 
need for a set of rules of botanical nomen- 
clature became evident. Alphonse de 
Candolle, son of Augustin Pyramus de Can- 
dolle, and a group of other botanists 
proposed a code after an international meet- 
ing at Pans in 1867. Botanists at Kew and 
Berlin, the two greatest centers of tax- 
onomy in the latter half of the nineteenth 
century, developed rules of their own, 
which differed from each other and from 
the: Paris code in some respects. In Amer- 
ica, Nathaniel Lord Bntton (Fig. 34.26) 
and his associates developed still another 
set of rules, the American Code of Botan- 
ical Nomenclature. 

Botanists from all parts of the world 
met in Vienna in 1905 to devise an inter- 
national code, but many American bot- 
anists, dissatished with the results of the 
meeting, continued to follow the American 
Code. At another botanical congress in 
Cambridge, England, in 1930, the differ- 
ences between the American Code and the 
International Code were compromised, 
and a new, revised code was generally 
adopted. Only slight modifications have 
been made by succeeding congresses. 

The code provides standards for valid 
publication of names and methods of 
choosing between competing names, One 
of the important requirements is that 
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Fig. 34.26 Asa Gray (1810-1888), /eft, founder of the Gray Herbarium, and the most 
eminent American botanist of his time. N. L. Britton (1859-1934), right, founder of the 
New York Botanical Garden, sponsor of the American Code of Botanical Nomenclature. 


names of newly recognized taxa published 
since 1934 must be accompanied by a 
Latin diagnosis. Priority of publication 1s 
the guiding principle in choosing between 
competing names, but certain limitations 
to priority are recognized. All names pub- 
lished before 1753 (the date of Linnacus’ 
Species Plantarum) are disallowed; pri- 
ority holds only within a given taxonomic 
category, €g., a name published in varietal 
status carries no priority at specific or sub- 
specific status; and there is a Conserved 
List of well-known generic names which 
are maintained in spite of being contrary 
to the rules in one or anothcr respect. ‘The 
application of names is determined by the 
type method. The type of a species is or- 
dinarily the particular specimen from 
which the original description was prin- 
cipally or wholly made, or a specimen des- 
ignated by the author as typical. ‘The type 


of a genus is the species which was central 
to the original author’s concept, etc. 

One of the most useful bibliographic 
tools in taxonomy is the Index Kewensis 
(Kew Index), which lists all names of 
genera and species of modern (i.., living) 
seed plants from 1753 to the present, in- 
dicating the part of the world in which 
each species occurs and the place of pub- 
lication of the name. Charles Darwin, 
recognizing the need for such an indcx, left 
the money for it in his will. The compila- 
tion was done by botanists at the Royal 
Botanic Gardens at Kew (outside of Lon- 
don). The original edition, in two massive 
volumes, covered names published through 
1885 and was published in 1895. Fourteen 
supplements continue to the present. 

The Gray Card Index, published by 


the Gray Herbarium of Harvard University, 
lists all the names published for vascular 
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plants in the New World since 1885. Un- 
like the Kew Index, the Gray Card Index 
included varieties and other infraspecific 
taxa as well as species. Reccntly a start 
has been made toward adding the names 
of infraspecific taxa published before 1885. 
Asa Gray (Fig. 34.26) (1810-1888), for 
whom the Gray Herbarium is named, was 
the outstanding American botanist of his 
time. His monumental Synoptical Flora of 
North America, published in parts from 
1874 to 1886, and still unfinished when 
he died, is the foundation for much future 
work on the taxonomy of North American 
plants. 


2) 


FOSSILS 


The fossil record provides relatively 
little help in deciphering the relationships 
and evolutionary history of the angio- 
sperms. The most abundant angiosperm 
fossils are leaf impressions (Fig. 34.27); 
seeds, dry fruits (Fig. 34.27), and parts of 
the wood are often also fossilized. Fossil 
flowers (Fig. 38.7) are more rare and exist 
almost entirely as mere impressions that 
show the external form but not the struc- 
ture. Relatively recent fossil leaves can 
often be identified with modern species or 
genera by careful comparison, but this is a 





Fig. 34.27 Oligocene angiosperm fossils from Montana. Left, Rosa; center, an unidentified 
leaf; right, fruit of Thlaspi (Cruciferae), with a fruit of the modern species Thlaspi arvense 
laid alongside (extreme right) for comparison. (Photos cou rtesy of Herman F. Becker.) 


risky procedure at best, and progressively 
more so in dealing with older fossils that 
are less likely to have modern counterparts. 
One of the common Upper Cretaceous 
fossils that was long referred to the modern 
genus Liriodendron (Magnoliaceae, order 
Magnoliales) has more recently been iden- 
tified as a leaflet of the compound leaf of 
Dalbergia (Leguminosae, order Rosales). 
When fossil leaves are found associated 
with fruits, the identification may be fairly 
certain; and specialized fruits, such as those 
of maple, can often be identified without 
any other parts. 

Pollen fossilizes (Fig. 34.28) better 
than most other plant parts, and it is now 
beginning to be useful in unraveling the 
evolutionary history of the angiosperms. 
One of the significant bits of information 
from fossil pollen is that the distinctly her- 
baceous groups do not become prominent 
until the beginning of the Miocene epoch. 
An important paper published in 1969 by 
the American botanist James Doyle 
(1944-  ) indicates that early Creta- 
ceous pollen is all (so far as known) of the 
primitive, uniaperturate typc, and that the 
progressive development of more advanced 
types can be traced within the Cretaceous 
period. The fossil pollen record does not 
require a pre-Cretaceous origin for the an- 
giOsperms. 
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The oldest fossils that are unmustak- 
ably angiosperms are of Lower Cretaceous 
agc. Pre-Cretaceous angiosperms have re- 
peatedly been reported, and as often shown 
to be interpretable in other ways. Cur- 
rently (1971) there is some stir about a 
Triassic purported palm (Sanmiguelia) 
from Colorado, and an undoubted palm 
(Palmoxylon) of purportedly Jurassic age 
from Utah, but it remains to be seen how 
these records will bear up under investiga- 
tion. They are, to say the least, out of har- 
mony with the rest of the evidence about 
the ancestry of the angiosperms. Palms are 
widely regarded as highly specialized mor- 
phologically, rather than as being primitive 
flowering plants. 

The Potomac beds of Maryland con- 
tain the most extensive known Lower Cre- 
taceous angiosperm flora, and the propor- 
tion of angiosperms increases from the base 
to the top of the deposits. Angiosperm 
fossils also occur in Lower Cretaceus rocks 
in western Greenland. Many Lower Cre- 
taceous fossils have been given names sug- 
gesting a resemblance to modern genera, 
such as Nelumbites, Menispermites, Sapin- 
dopsis, and Celastrophyllum, and some 
have even becn referred to modern genera, 
such as Populus and Sassafras, but all such 
identifications are doubtful. 

By Upper Cretaceous time the angio- 





Fig. 34.28 Lower Cretaceous fossil angiosperm pollen. Left, primitive, uniaperturate type. 
(X2500.) Right, more advanced, triaperturate type. (X3500.) (Electron micrographs by 
JEOLCO Inc, courtesy of James Doyle.) 
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sperms had become the dominant land 
vegetation, and they are abundantly pre- 
served in the fossil record from that time 
to the present. Many Upper Cretaceous 
fossils appear to represent modern genera, 
in many different families. 

No fossils are known which tend to 
connect the angiosperms with any other 
group of plants, nor can the presently- 
known fossils be used to connect the mod- 
crn families and orders. Concepts of rela- 
tionship among the families and orders 
must, thereforc, be based largely on com- 
parison of the living members, and the 
ancestry of the group can be determined 
only by a process of elimination. The only 
fossils that have the characters thought to 
be necessary in the forebears of the angio- 
sperms are some of the Late Paleozoic seed 
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ferns, and any relationship even to these 
must be rather remote. 
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Harvesting wheat in the Palouse region of Washington. (Photo courtesy of the Spokane 


Chamber of Commerce.) 
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INTRODUCTORY SUMMARY 


Angiosperms are in a sense the foun- 
dation of our civilization. They provide 
man with food, clothing, and shelter. ‘They 
brighten leisure, ease pain, and cure ill- 
ness. They furnish the raw materials for 
countless industrial products. Unfortu- 
natcly, they also evoke allergies such as hay 
fever, produce poisons which kill livestock 
and unwary nature-enthusiasts, and bring 
misery and degradation to millions trapped 
by drug addiction. 


FOOD 


The greatest importance of angio- 
sperms is as food. Excepting fish, all the 
important staples of diet are either angio- 
sperms or are derived from animals which 
in turn feed largely on angiosperms. 


ORIGIN OF Foop Crops 


The cultivation of angiosperms as food 
crops began long before recorded history. 
The wild ancestors of some of these plants, 
such as carrots, lettuce, and sunflowers, 
are readily identifiable, but the most im- 
portant food crops, as well as many lesser 
ones, havc becn so modified under cul- 
tivation that their ancestry cannot easily be 
deciphered. All of them have wild rela- 
tives, but such plants as wheat, corn, rice, 
and many others do not seem to be direct 
descendants of any existing wild species. 
Interspecific hybridization as well-as selec- 
tion has undoubtedly played a part, and 
the hybridization has often been ac- 
companied by polyploidy (increase in 
the number of complete sets of chromo- 
somes). 

In each hemisphere there were several 
centers in which domestication of crops 
principally took place, after which the 
crops became widely cultivated elsewhere. 
The important centers in America were 
the highlands of Mexico and the high- 
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lands of Central America and northwest- 
ern South America—the regions where the 
Aztec, Maya, and Inca civilizations later 
arose. The important centers in the Old 
World were southeastern Asia, the eastern 
Mediterranean region, the mountainous 
region from northern India to Asia Minor 
and ‘Transcaucasia, and possibly Ethiopia 
—regions noteworthy also as early centers 
of civilization. The development of agrı- 
culture, with its associated sedentary in- 
stead of nomadic habits, is a necessary 
precursor and stimulus to the rise of 
civilization. By about 7000 B.C. several 
genera of plants were being cultivated in 
each of at least three different regions: 
Areca, Cucumis, Piper, Pisum, Prunus, and 
Vicia or Phaseolus in southeastern Asia; 
Hordeum, Lens, Pisum, Triticum and 
Vicia in the Middle East; and Capsicum 
and Cucurbita in Mexico. 

Only during the last several centuries 
has there been much exchange of crops 
between the Eastern and Western Hemi- 
spheres. Cassava, cocoa, common beans, 
corn (maize), lima beans, peanuts, pine- 
apples, potatoes, sunflower, tobacco, and 
tomatoes are among the most important 
crops originating in the New World. Ap- 
ples, bananas, breadfruit, cabbage, carrots, 
coffce, cherries, citrus fruits, datcs, figs, 
flax, hemp, lettuce, olives, onions, pears, 
peaches, rice, rye, sorghum, soybeans, sugar 
cane, watermelons, and wheat are among 
the most important crops originating in 
the Old World. Different kinds of cotton 
were domesticated in both hemispheres. 
Sweet potatoes, although surely of Amer- 
ican Origin, were cultivated in the tropics 
of both hemispheres long before Columbus’ 
voyage—the only significant crop common 
to the Old and the New World in pre- 
Columbian time. 

The classic work on the origin of cul- 
tivated plants was published in 1883 by 
the Swiss botanist Alphonse de Candolle 
(1806-1893), son of Augustin Pyramus de 
Candolle. Most. of his conclusions, except 


for many of his tentative dates of domes- 
tication, are still accepted. 


CEREAL Crops 


The grass family (Gramineae) out- 
ranks all other plants combined as a source 
of food. Edible grains obtained from cul- 
tivated grasses are called cereals. Wheat, 
rice, corn (maize), oats, barley, and rye 
are well-known cereal crops. 

The most important of all crops in 
the temperate regions is wheat. From long 
before Jesus’ prayer, “Give us this day our 
daily bread,” until well after the coinage 
of the medieval English aphorism that 
bread is the staff of life, wheat was the 
principal food in settled communities of 
Europe, temperate Asia, and the Mediter- 
ranean region. The bread demanded by 
the hungry mobs of Paris, and the cake 
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supposedly offered them by Marie An- 
toinette, were both made from wheat. 
Even in modern societies with the varied 
diet associated with a high standard of 
living, wheat is the most important vege- 
table food. 

There are about seven principal spe- 
cies of wheat (Triticum), all annual or 
winter-annual grasses. Common wheat 
(Triticum aestivum) is cultivated in many 
varieties, including truly annual (spring 
wheat) and winter annual (winter or fall 
wheat) races, hard wheats with small grains 
rich in proteins, soft wheats with larger 
grains richer in starch, and white-grained 
and red-grained forms. Durum wheat (T. 
durum), with very hard, red grains rich in 
gluten (a sticky proteinaceous substance), 
is used chiefly for macaroni and similar 
products. The other wheats are no longer 
of much direct importance. 
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Fig. 35.1 Types of wheat. Left to right, einkorn, emmer, durum, and common wheat. 
There are also bearded forms of common wheat. (New York Botanical Garden photo.) 
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Einkorn wheat (T. monococcum), 


emmer (T. dicoccum), and spelt (T. spelta) 
differ from other wheats in that the axis 
of the spike is jointed and shatters in 
threshing, and the grain does not separate 
readily from its enclosing bracts (the chaff). 
These are the oldest and most primitive 
known wheats, dating from the Stone Age. 
They do well in poor, dry soils, requiring 
less care than other species, but the yield 
is also low. Nowadays they are chiefly of 
historical interest, although thcy are grown 
to some extent in Europe, especially for 
fodder. ‘They are also sometimes used in 
breeding programs because of their hardi- 
ness and vigor. 

Rice (Oryza sativa) is the most im- 
portant of all crops, from a world-wide 
standpoint, being the principal food of 


4 


more than half the population of the earth. 
Itis primarily a plant of hot moist tropics 
and is most extensively grown in the 
Orient, where it dominates the social and 
economic structure. Rice originated in 
southeastern Asia, being first extensively 
cultivated by the Chinese in prehistoric 
times. All the most important varieties 
must be flooded for most of the growth 
period, but there are also upland varie- 
ties which can be grown without irriga- 
tion. 

Commercial polished ricc, as sold in 
the United States, is very rich in carbo- 
hydrates but contains only minute 
amounts of proteins, minerals, and fats. 
Unpolished rice, with the embryo still in- 
cluded in the grain, is much more nutri- 
tious but is still relatively low in protein. 





Fig. 35.2 Rice in cultivation on a flood plain near the Caspian Sea in Iran. 
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Fig. 35.3 Types of corn. Left to right, pod, flint, dent, and popcorn. (Photos courtesy of 


William L. Brown, Pioneer Hi-Bred Seed Company.) 


In regions where rice is the staple food, soy- 
beans are commonly eaten along with it 
as a principal source of protein. 

Maize (Zea mays) was the cereal of 
the American Indians, grown chiefly in 
the warmer regions, but also as far north as 
the St. Lawrenee Vallcy and the Great 
Lakes region, and south to Chile and Ar- 
gentina. It is now cultivated in all suitable 
parts of the world. The name Indian corn, 
applied to it by the English colonists in 
America, has been shortened in the United 
States to corn; but in England corn still 
means any cereal grain, especially wheat. 

The origin of maize is even more of a 
mystery than that of most other crops. It 
is clearly from tropical America, as are 
most of its botanical allies, but its only 
close relative, teosinte (Euchlaena mexi- 
cana) is apparently an evolutionary sibling 
or descendant rather than an ancestor. Re- 
cent studies suggest that the wild ancestor 
of maize is now extinct, but that it per- 


sisted in Mexico and Panama at least until 
5000-7000 years ago. Agricultural maize 
can be traced back at least 3000 years, but 
the connection between it and the wild 
putative ancestor is still uncertain. 

The forms of corn (Fig. 35.3) are 
even more numerous and diverse than 
those of other cereals. The most primitive 
type, pod corn, has a husk for each grain 
as well as for the wholc ear. The grains 
may resemble those of any of the other 
types. Because of the difficulty of thresh- 
ing, pod corn has no commercial im- 
portance. 

Dent corn—the most extensively cul- 
tivated type, especially in the corn belt of 
the United States—has a dent in the top 
of each mature grain because of the 
shrinkage of the soft part of the endo- 
sperm, the hard part being present only at 
the sides. Flint corn, which matures earlier 
and can be grown farther north than dent 
corn, has the starchy endosperm covered 
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at the top as well as the sides by the 
horny endosperm, so that there is no dent. 
Dent corn and flint corn are often collec- 
tively called field corn. Field eorn is used 
principally as food for livestock, especially 
hogs, but also for corn meal, breakfast 
cereals, salad oil, corn sirup, and as raw 
matcrial for a wide variety of industrial 
products. Even the vegctative parts are 
used, both for foddcr and in industry. 
Sweet corn, with a high proportion of 
sugar instead of starch in the endosperm, 
does not yield so well as field corn, but it 
is more palatable, and the immature grains 
are canned as well as eaten directly from 
the cob. Besides sweet corn and field corn, 
the only other type of corn of any im- 
portance in the United States is popcorn. 


NONCEREAL CROPS 


Potatoes (Solanum tuberosum) are 
the world’s most important noncereal crop. 
The total volume of potato production per 
year 1s actually greater than that of rice 
or any other cereal, but potatoes contain 
a much larger proportion of water (about 
78 per cent of the total weight) than any of 
the grains. 

Frequently called the Irish potato, be- 
cause of its importance as a food crop in 
Ireland, Solanum tuberosum is actually na- 
tive to the Andean region of tropical 
South America, where a number of other 
tuber-bearing species of the very large 
genus Solanum are also cultivated. Po- 
tatoes do best in rather cool, moist regions, 
such as central and northern Europe, 
where they are the principal crop, but 
they are cultivated in various races over 
much of the world, except for the tropical 
lowlands. 

Although rich in carbohydrates, pota- 
toes contain only a small amount of pro- 
tein and almost no fat, so that alone they 
do not provide an anywhere nearly bal- 
anced diet. In addition to their value as 
food, potatoes are used as a source of car- 
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bohydrate for the production of alcohol 
and other industrial products, especially 
in Europe. 

Swect potatoes (Ipomoea batatas), 
yams (Dioscorea spp.), and cassava ( Mani- 
hot esculenta) are among the most im- 
portant tropical crops. Sweet potatoes are 
also extensively cultivated in the south- 
eastern United States, where they have 
some commercial importance; elsewhere 
they are mostly a home-garden crop, seldom 
marketed, although often eaten daily. The 
sweet potato, a member of the family Con- 
volvulaceae, is not very closely related to 
the Irish potato, which belongs to the 
Solanaceae. The edible organ of the sweet 
potato is a modified root, whcreas that of 
the Irish potato is a true tuber, a modificd 
stem. One type of sweet potato is often 
called yam in the United States, but this 
has nothing to do with the true yams of 
the tropics, which are climbing, mono- 
cotyledonous vines with a large storage 
root that often weighs as much as 40 
pounds. 

Cassava (Fig. 35.4), a native of trop- 
ical America, belongs to the Euphorbia- 
ceae. It is a shrubby perennial with stems 
up to 12 feet tall, and with large, palmati- 
fid leaves; many of the roots end in large, 
tuber-like swellings. The root contains a 
poisonous glucoside related to prussic acid, 
but the poison can be driven off by heat- 
ing. In the United States cassava is known 
principally in the prepared form called 
tapioca, but in tropical America and many 
other tropical regions it is a dietary staple, 
cultivated in hundreds of varieties. 

In temperate climates the fleshy 
fruits are important chiefly as a dietary fil- 
lip and as a source of vitamins. Apples 
(Pyrus malus) are the most important fruit 
in cool-temperate regions, and peaches 
(Prunus persica) in warm-temperate. 
Orangcs (Citrus sinensis), although orig- 
nally tropical, are now cultivated mostly 
in subtropical regions, such as Florida and 
southern California. In the United States 
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Fig. 35.4 Left, cassava in Costa Rica; figures are meters and centimeters. (Photo courtesy 
of David J. Rogers.) Right, bananas in the conservatory at the New York Botanical Garden. 
(New York Botanical Garden photo.) 


some tropical fruits such as bananas (Fig. 
35.4) and pineapples are also used in large 
quantities. Grapes (Vitis spp.), another 
temperatc-zone crop, are more important, 
especially in Europe, as a source of wine 
than as a table fruit. 

Several tropical fruits, including ba- 
nana (Musa paradisaica), date (Phoenix 
dactylifera), coconut (Cocos nucifera), 
and breadfruit (Artocarpus altilis), are 
highly nourishing and form dietary staples 
in various regions. Captain Bligh’s mis- 
sion on the famous voyage of H.M.S. 
Bounty was to introduce the breadfruit 
(Fig. 35.6), a native of Malaya, into the 
British West Indies. (The West Indians 
anticlimactically found the fruit not to 
their liking.) The date palm (Fig. 35.5), 
in desert regions from North Africa to 
India, and the coconut palm (Fig. 34.22), 
in the South Sea Islands and along trop- 
ical coasts in gencral, are also noteworthy 
for their numerous nondietary uses, 1n- 


cluding basketry, mats, fibers, and construc- 
tion timbers. : 

Saccharum officinarum, the sugar cane, 
is the traditional source of sucrose, and in- 
deed sucrose has come to be called cane 
sugar. Sugar cane is a Coarse grass, growing 
2 to 5 m tall, with solid stems often 1 dm 
thick, containing up to about 20 percent 
sugar by weight. Sugar cane apparently 
originated in the East Indies, being most 
closely related to a wild species (S. robus- 
tum) of New Guinea. It is now cultivated 
in tropical and subtropical regions of both 
the Old and the New World. In cooler re- 
gions special strains of the garden beet, 
Beta vulgaris, have been selected for sugar 
content (up to about 14 percent of the 
juice) and are grown as sugar beets. Com- 
mercial beet sugar is sucrose, chemically 
identical to cane sugar. Nearly two-fifths 
of the commercial sugar produced in the 
world comes from sugar beets, and nearly 
all the rest from sugar cane. 
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Fig. 35.5 Date palms. (Photo by W. H. Hodge.) 


SPICES 


The most important of all spices is 
pepper (Fig. 35.8), derived from the berry- 
like drupes of Piper nigrum, a vine native 
to southeastern Asia. Black pepper is made 
by grinding the whole dried fruit, white 
pepper from only the stone and seed; com- 
mercial peppcr is often a mixture of the 
two types. Pepper was one of the principal 
items imported into Europe along the over- 
land trade route from the Orient in Roman 
and medieval times, and its high price was 
a great stimulus in thc search for a sea 
route to India. Red pepper, even more 
pungent than ordinary pepper, is produced 
from the berries of Capsicum, a member of 
the potato family. 


Fig. 35.7 Harvesting sugar cane. (Phot 
Hodge.) 
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Cinnamon (Fig. 35.10) is one of the 
most widely used of the many other spices. 
It is made from the bark of Cinnamomum 
zeylanicum, an evergreen shrub or small 
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Fig. 35.9 Nutmeg. The aril, shown partly cover- 
ing the seed and (separately) at the lower right, is 
the source of mace. (Photo by W. H. Hodge.) 





romantic fame, although cloves, the flower 
buds of Syzygium aromaticum, were also 
later cultivated there. Zanzibar is the prin- 
cipal current source of cloves. 
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Vanilla (Fig. 35.10), a favorite flavor- 
ing material, is obtained from the unripe, 
cured fruits of Vanilla planifolia, a climb- 
ing orchid native to the jungles of tropical 
America. The active principle, vanillin, de- 
velops from a nonaromatic glucoside dur- 
ing the carefully controlled curing process. 
Vanilla was introduced to Europe by the 
Spanish conquistadores, who found the 
Aztecs using it to flavor chocolate. Mada- 
gascar is now the principal source of com- 
mercial vanilla. 


DRINKS 


Coffee and tea are the most important 
hot beverages, with chocolate third. Tea is 
used by fully half the people of the world, 
but coffee, uscd by fewer people, is con- 
sumed in greater quantities. Both owe 
their popularity to the stimulating effect 
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Fig. 35.10 Left, flowering branch of cinnamon. (Photo by W. H. Hodge.) Right, harvesting 
vanilla in Madagascar. (Photo courtesy of Bernard L. Lewis, Inc.) 


of the caffeine they contain. Coffee is 
brewed from the ground-up seeds of sev- 
eral species of Coffea, chiefly C. arabica 
(Fig. 35.11), a small tree native to Abys- 
sinia and now cultivated in the tropics of 
both hemispheres (especially in Brazil). 
Tea is made from the dried leaves of 
Camellia sinensis, a small tree native to 
China or northeastern India, cultivated as 
a shrub in tropical and warm-temperate 
parts of Asia. 

Chocolate and cocoa are made from 
the seeds of Theobroma cacao (Fig. 35.11), 
a small tree native to the lowlands of trop- 
ical America, and now extensively culti- 
vated in western tropical Africa as well. 
Cocoa differs from chocolate in having 
about two thirds of the natural oil (cocoa 
butter) extracted in the process of manu- 
facture. Unlike eoffee, tea, and most other 
beverages, cocoa and chocolate are highly 
nutritious. The seeds contain 30-50 per- 
eent fatty oil, and about 15 percent each 
of protein and starch. They also contain 
theobromine (a mild stimulant) and traces 
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of caffeine. Chocolate is a common in- 
gredient of candy. 

Alcoholic beverages were discussed 
in connection with yeast on pp. 243- 
244. Wine is made chiefly from grapes, 
beer chiefly from barley, pulque from agave 
juice, sake from rice, and mead from 
honey. Our word honeymoon comes from 
the use of mead by Scandinavians several 
centuries ago in nuptial ceremonies last- 
ing 30 days. Of the distilled beverages, 
whisky, vodka, and gin are made from 
various grains (vodka sometimes also from 
potatoes), brandy from grapes, and rum 
from sugar cane. 


MASTICATORIES 


The essential ingredient of chewing 
gum is chicle, the dried latex from the 
bark of the sapodilla tree (Manilkara za- 
pota and related species), a native of trop- 
ical North America. The tree (Fig. 35.12) 


does not withstand tapping well, nor have 








Fig. 35.11 Left, flowering twig of coffee tree. (Photo by W. H. Hodge.) Right, trunk, fruit, 


and flowers of cacao. (Photo courtesy of José Cuatrecasas.) 
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Fig. 35.12 Young tree of Manilkara zapota, the 
source of chicle. (Photo by W. H. Hodge.) 


efforts at large-scale cultivation met with 
much success. Commercial exploitation 
threatens it with virtual extinction in the 
wild, and none of the many natural and 
artificial substitutes and adulterants which 
have been tried is wholly satisfactory. 
Doubtless chewing gum will continue to be 
made, regardless of the fate of the sapo- 
dilla, but there may be some change in its 
nature or quality. The sapodilla is also 
much esteemed in tropical America for its 
fruit, and is often casually cultivated or 
encouraged in a semiwild state about 
dwellings. 

Betel nuts (the seeds of Areca catechu, 
a palm) are chewed by more people than 
any other masticatory, but their use is 
largely restricted to tropical eastern Asia, 
the East Indies, and Melanesia. Slices of 
betel nut are wrapped in the leaves of the 
betel pepper (Piper betle), smeared with 
a little lime, and popped into the mouth. 
The mixture is esteemed as a breath sweet- 
ener and aid to digestion. 
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The seeds (“nuts”) of the cola tree 
(Cola nitida) are commonly chewed in 
tropical Africa. They contain a consider- 
able amount of caffeine, as well as kolanin, 
a heart stimulant. Cola nuts are also used 
in the preparation of several commercial 
carbonated beverages, especially in the 
United States. 


NARCOTICS AND HALLUCINOGENS 


Tobacco is prepared from the dried 
leaves (and sometimes other parts) of 
Nicotiana tabacum, a coarse annual herb 
native to tropical America. A related spe- 
cies, N. rustica, was smoked by the Indians 
of eastern North America and was the first 
tobacco to be cultivated by the English 
colonists in Virginia, but it is no longer 
of much importance. Tobacco is now 
smoked over most of the world, most of 
all in the United States, because of the 
effect of nicotine, its most important active 
principle, in easing nervous tension and 
promoting a sense of well-being. Although 
offensive to most of those not accustomed 
to its use, it is mildly habit-forming. The 
recent demonstration that there is a clear 
statistical association between the use of 
tobacco—especially cigarettes—and the oc- 
currence of lung cancer and heart ailments 
has not as yet had any marked influence 
on its use. 

The opium poppy, Papaver somni- 
ferum, is the source of the drug opium. 
Crude opium, the dried exudate from 
maturing capsules that have been bruised 
or slit, contains a number of narcotic 
alkaloids, including morphine and codeine. 
Heroin is a chemical derivative of mor- 
phine. These drugs are habit-forming and 
have euphoric, analgesic, sedative, and toxic 
properties, heroin being the most danger- 
ous, and codeine the least. Continued use 
leads to addiction, physiological deteriora- 
tion, and premature death, and withdrawal 
of the drug causes such severe pain that 
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an addict will do literally anything in his 
power to obtain it. 

The opium poppy is cultivated princi- 
pally in China, India, Burma, Thailand, 
and the Middle East, and addiction is 
common in those countries. China in par- 
ticular has for centuries had a large pro- 
portion of addicts. The attempt of the 
Chinese government to prevent importa- 
tion of opium from India, as part of a 
campaign against the use of the drug, led 
to the Opium War in 1840-1842, and the 
cession of Hong Kong to Great Britain. 

Indian hemp (Cannabis sativa, Fig. 
35.13) is a coarse annual up to 3 m tall, 
with palmately compound leaves and in- 


conspicuous flowers. It is the source of a 
fiber for cordage, and of a hallucinogenie 
drug. Originally native to India and the 
Middle East, it is now widely established 
elsewhere as a vigorous weed or in clandes- 
tine cultivation, as far north as northern 
Unitcd States. The dried inflorescences are 
smoked as marijuana; the more potent, fat- 
soluble extracted product is chewed or 
eaten as hashish. It produces euphoria, ac- 
companied by changes in time perception 
and a sense of the over-riding importance 
of the immediate, without any obvious 
effects on physical coordination and motor 
ability. Our word assassin is a corruption of 
the Arabic hashashin, eaters of hashish. A 
significant number of people are hypersen- 
sitive to the drug, and its cffects can recur 
unexpectedly some days after use. Chronic 
users tend to become withdrawn and 
lethargic, and many of them progress to 
addictive drugs such as heroin. 


MEDICINE 


Angiosperms play a large but decreas- 
ing role in medicine. Once the source of 
practically all effective remedies for dis- 
ease, they are gradually being replaced by 
synthetic drugs. 


Digitalis is perhaps the most im- 
portant therapeutic drug still obtained 
directly from angiosperms, the dned leaves 
being a standard treatment for certain 
types of heart disease. ‘The drug became 
generally known through a report in 1785 
by William Withering, an English phy- 
sician, on its usefulness in treating dropsy, 
now known to be a symptom of circula- 
tory disorder. Withering’s interest was 
attracted by the success of an old woman 
of Shropshire in treating dropsy with an 
herb tea. He somehow managed to learn 
the components of the tea, and then, by 
cautious experimentation on his patients, 
he discovered that the active ingredient 
was foxglove (Digitalis purpurea, Fig. 
35.14), and that the leaves are the most 
effective part of the plant. Students so- 
minded may be able to concoct whimsical 
limericks beginning, “There was an old 
woman of Shropshire.” 





Fig. 35.14 Foxglove (Digitalis purpurea). (Photo 
courtesy of the Boyce Thompson Institute for 
Plant Research.) 


Quinine is obtained from the very 
bitter bark of several species of Cinchona, 
native to the Andes of northern South 
America and subsequently extensively cul- 
tivated in the East Indies and nearby Asia 
(Fig. 35.15). It consists of a mixture of 
similar alkaloids with slightly varying ef- 
fects. As the only effective cure for malaria, 
it was once one of the most important 
drugs in the world. As recently as World 
War II, when the capture of Malaya and 
the East Indies by the Japanese cut off the 
main commercial source of quinine, the 
United States government found it neces- 
sary to set botanists to combing the jungles 
of northwestern South America for the 
wild trees. For some two decades there- 
after, quinine was largely replaced in medi- 
cal practice by more potent synthetics de- 
veloped under the stimulus of war-time 
need. More recently it has become neces- 
sary to revert to the use of quinine to treat 
the increasing number of cases that do not 
respond to the synthetic drugs. Quinidine, 
one of the alkaloids of Cinchona bark, is 
still the standard treatment for auricular 
fibrillation of the heart. 

Some synthetics which replace natural 
drugs are chemically unrelated to them, 
but many are more or less similar to the 
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natural product. Even when the synthetic 
is exactly the same as the active principle 
in the natural drug, the synthetic is gen- 
erally preferred because the quality can be 
more closely controlled. The amount of 
the active principle in the plant varies 
from individual to individual, from year to 
year, and according to the season and 
method of handling. Once the drug has 
been synthesized and its chemical struc- 
ture established, it is possible to produce 
numerous minor chemical variants of the 
same type; and frequently some of these 
are more effective than the onginal or pro- 
vide a greater margin between the thera- 
peutie and the toxic dose. Without the 
lead provided by the natural product, how- 
ever, these improved synthetics could not 
be developed. 

Investigation of natural drugs some- 
times leads to unexpected results, just as 
does any other type of scientific inquiry. 
Simarouba glauca, a small tree native to 
tropical North America, attracted interest 
during World War II because of the anti- 
malarial properties of a bitter principle in 
the bark. The exttacted drug, although 
inferior to many others in the control of 
malaria, turned out instead to be highly 
effective against amoebic dysentery. The 


Fig. 35.15 Cinchona planta- 
tion in Java. (Photo courtesy 
of Norman Taylor.) 
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latex of several species of Ficus proved too 
dangerous to live up to its original promise 
as an anthelmintic, but found a wholly 
unexpected usc in clarifying beer. 


FIBER 


Cotton (Gossypium spp.) is the most 
important fiber plant and the world’s 
greatest industrial crop (Fig. 35.16). The 
most important species, G. hirsutum (up- 
land cotton) is of American origin, as is 
also G. barbadense (sea-island cotton and 
Egyptian cotton), but species of Old 
World origin are also extensively grown 
in Asia. The cotton boll is the opened 
ripe fruit (capsule), and the cotton fibers 
are hairs attached to the seed coats. In 
1793 Eli Whitney devised a machine, the 
cotton gin, for separating the fibers from 
the seeds (previously a time-consuming 
and expensive process), after which cotton 
soon became the dominant textile fiber 
of the world. 

The separated seeds from the cotton 
boll are also utilized. Cottonseed oil is 
used in salad oils and in the manufacture 
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Fig. 35.16 Cotton field in 
Texas. (Photo courtesy of 
Elizabeth Wagner, from Tran- 
seau, Sampson, and Tiffany, 
Textbook of botany, rev. ed., 
Harper & Row, 1953.) 


of oleomargarine and substitutes for lard, 
and the residue after the oil is expressed 
is used as livestock food and as a raw 
material in many industrial processes. 
Flax (Linum usitatisimum), once 








Fig. 35.17 Manila hemp plant. 
Hodge.) 
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the foremost fiber plant in Europe and 
western Asia, has lost much of its standing 
to cotton but is still used for the produc- 
tion of linen cloth and thread, canvas, 
duck cloth, carpets, the strongest twine, 
fishline, and seines, and the finest writing 
paper. The flax fibers, which range up to 
3 feet in length, are the outermost part 
of the phloem of the vascular bundles. 
They are rotted (retted) out by submerg. 
ing the stems in water for some time, or 
exposing them to dew. Linseed oil is ob- 
tained from the seeds of specially adapted 
varieties of flax which are not used for 
fiber. 

Manila hemp, the best fiber for ropes, 
comes from the petioles of Musa textilis 
(Fig. 35.17) and related species, which 
are closely allied to the cultivated banana 
but have inedible fruits. 


OTHER INDUSTRIAL PRODUCTS 


Woop 


The wood of many angiosperms 1s 
of high commercial value. Maple, oak, 
beech, birch, walnut, and other hardwoods 
are used for flooring, fine furniture, and 
interior finish. These same species, as well 
as conifers, are used in plywood. Mahog- 
any (Fig. 35.18), a native of tropical 
America, is famous for its use in furniture, 
and many other tropical angiosperms, as 
yet little used, are potentially valuable. 
White oak is the outstanding wood for 
tight cooperage, i.e., for barrels which will 
hold liquids without imparting taste or 
odor. Sawmill wastes are used in destruc- 
tive distillation, yielding acetic acid, wood 
alcohol, and other industrial chemicals. 
Lignum vitae, an extremely hard wood 
from a West Indian tree (Guaiacum offi- 
cinale), is used for main bearings on drive 
shafts of submarines in preference to 
metal because it is less noisy and 1s self- 
lubricating. 
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Fig. 35.18 Mahogany (Swietenia mahogani). This, 
the Spanish or West Indian mahogany, is one of 
the two species, both native only to the New 
World, which properly bear the name mahogany. 


(Photo by W. H. Hodge.) 


RUBBER 


Rubber, a coagulated latex, is ob- 
tained from the bark of several kinds of 
trees (Fig. 35.19), belonging to different 
families of angiosperms. Hevea brasiliensis, 
a member of the Euphorbiaceae native to 
tropical South America, is vastly more 1m- 
portant than all other rubber-producing 
species combined, and it is hevca rubber 
(also called Para rubber, from the state 
of that name in Brazil) that is generally 
intended when the word rubber is used 
without qualification. 

The name rubber, first used by Priest- 
ley in 1770, refers to the use of the sub- 
stance in erasing pencil marks. A process 
for waterproofing cloth with rubber was 
developed by Mackintosh in 1823, and 
vulcanization was discovered by Goodyear 
in 1839. Thereafter rubber rapidly became 
one of the world’s most important indus- 
trial raw materials. Its plasticity, elasticity, 
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Fig. 35.19 Tapping a rubber tree in Colombia. 
The tree is Castilla ulei, a member of the mulberry 
family (Moraceae); the rubber obtained from it is 
called caucho rubber. (Photo courtesy of José 
Cuatrecasas.) 
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resistance to abrasion and electrie cur- 
rents, and its impermeability to liquids 
and gases all contribute to its value. Auto- 
mobile tires and tubes, which once took 
the bulk of the rubber crop, are now made 
mostly from synthetic rubber, as a result 
of the enforced improvement of quality 
and expansion of capacity for the synthetic 
product in the United States during 
World War II. For many other uses, in- 
cluding waterproofing and insulation, na- 
tural rubber remains supreme, and rubber 
promises to be an important crop for 
decades to come. 

Rubber is the newest major cultivated 
crop. Until nearly the end of the nine- 
teenth century, practically all commercial 
rubber was obtained from wild trees in 
the Brazilian jungles. The establishment 
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of rubber plantations in Malaya, Ceylon, 
and the East Indies followed the smug- 
gling of 70,000 seeds out of Brazil in 1876 
by the British adventurer Henry Wickham. 
By 1914 rubber production from the cul- 
tivated crop had outstripped that from 
wild trees, and wild rubber has been of 
only negligible importance for the past 
several decades. Breeding programs, selec- 
tion of high-yielding types, and grafting 
have increased the production per tree 
severalfold, and wild rubber can no longer 
compete in the market. 


DYESTUFFS AND TANNINS 


Dyes made from plants have been 
largely replaced during the past century 
by synthetic products. Safflower (Cartha- 
mus tinctorius), a thistle-like herb, is still 
cultivated for the red and yellow dyes 
obtained from it (as well as for the oil in 
its seeds), but indigo (from Indigofera), 
turkey red (from Rubia), and many others 
have given way to synthetic dyes, some 
similar or identical to the natural product, 
some chemically unrelated. Haematoxylon, 
a red dye used on cloth and in biological 
stains, is obtained from the heartwood of 
logwood (Haematoxylon campechianum), 
a tree native to tropical America. 

‘Tannins are a group of organic com- 
pounds, found in many plants, which act 
on animal skins to form leather. Que- 
bracho (Schinopsis), a very hard-wooded 
tree of Argentina, Paraguay, and nearby 
areas, is the most important commercial 
source of tannin, but a number of other 
plants, notably hemlock (Tsuga, a conifer) 
and various species of oak (Quercus) are 
also much used (Fig. 35.20). The tannins 
obtained from different sources are not 
identical, and often a particular source is 
preferred for a particular use. 

The most important inks for fountain 
pens also contain tannin, which unites 
with iron salts to form a blue-black com- 
pound. Tannin for inks is obtained mostly 





Fig. 35.20 Black oak (Quercus velutina) in New 
York; the source of lumber, tannin, and a yellow 
dye. (New York Botanical Garden photo.) 


from insect galls formed on Aleppo oak 
(Quercus infectoria, a native of the Medi- 
terranean region) and various other plants. 


ORNAMENTALS 


Angiosperms provide lawn grasses, 
Shade trees for streets and homes, and 
ornamental shrubs and garden flowers. 
Bluegrass (Poa pratensis) is the most im- 
portant lawn grass in cool-temperate re- 
gions. Eremochloa (centipede grass) and 
Zoysia show some promise for lawns in 
warm-temperate regions such as the south- 
eastern United States, where until re- 
cently the choice has been between a sum- 
mer lawn of Bermuda grass (Cynodon 
dactylon) and a winter lawn of winter rye 
(Secale cereale). 

The choice of shade trees varies with 
the community and the climate. Fast- 
growing, short-lived trees, such as poplars 
(Populus spp.), have been preferred in 
pioneer communities in the western 
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United States, but these species are even- 
tually replaced by slower-growing, longer- 
lived trees as the community matures. 
American elm (Ulmus americana), a 
graceful and once very popular street tree, 
is now so seriously threatened by Dutch 
elm disease that it is seldom planted. 
Various species of oak (Quercus) and 
maple (Acer) are persistent favorites in 
the United States. The tree of heaven 
(Ailanthus altissima) does well in cities 
under conditions unfavorable to many 
other species. Magnolias are often used in 
the southeastern United States. Palms, 
which are popular in tropical regions, give 
an exotic flavor to the streets of some 
cities along the southern fringe of the 
United States. 

Thousands of species of angiosperms, 
belonging to many different families, are 
cultivated as garden flowers. The Liliaceae 
and the Compositae stand out particularly. 
The Liliaceae provide such familiar flowers 
as daffodils, jonquils, narcissus, hyacinths, 
tulips, day lilies, Easter lilics, and tiger 
lilies; all of these usually have the sepals 
brightly colored like the petals, and the in- 
dividual flowers are often very large. Asters, 
chrysanthemums, cosmos, dahlias, daisies, 
marigolds, and zinnias all belong to the 
Compositae. The abundance of showy spe- 
cies in this family is due to the fact that 
the individual flowers are grouped into 
dense heads, each of which superficially re- 
sembles a single large flower. The culti- 
vated roses (Rosaceae) and peonies 
(Paeoniaceae) often have the numerous 
stamens of each flower transformed into 
petals, the resulting “double” flowers hav- 
ing an aspect much like that of the flower 
heads of composites. 


POISONOUS AND ALLERGENIC 
PLANTS 


Many angiosperms are poisonous 
when eaten, and a smaller number are 
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poisonous to the touch. The Liliaceae, 
Umbelliferae, and Solanaceae, all of which 
have well-known edible species, are also 
notorious for their poisonous members. 
The Anacardiaceae are likewise infamous 
for their allergenic species. 

Highly poisonous plants are seldom 
very palatable, and livestock usually avoid 
them if there is enough other forage. After 
cattle have been eating hay all winter in 
the barn, however, they are less choosy 
when first turned out to pasture. Water 
hemlock (Cicuta spp.), an umbelliferous 
plant somewhat similar to parsnip, causes 
many losses in the United States in the 
spring. The plant, growing in wet places 
along streams, is easily pulled up by an 
avid cow, and the shallow, tuberous-thick- 
ened roots are especially poisonous, a piece 
the size of a walnut being fatal. 

Poison hemlock (Conium macula- 
tum), a carrot-like weedy umbellifer, occa- 
sionally poisons children who make 
whistles from the stem. It was used for 
execution in ancient Greece, Socrates be- 
ing the most famous victim. Children 
also still die from eating the bulb of death 
camas (Zygadenus), mistaking it for the 
nutritious sego lily (Calochortus nuttallii) 
which served the Mormon pioneers in 
Utah as an emergency food. 

Several species of Oxytropis and As- 
tragalus (Leguminosae), called loco weed 
(Spanish loco, insane), differ from other 
stock-poisoning plants in being habit-form- 
ing. Locoed horses and cattle are excitable 
and sickly but may survive indefinitely. 
They actively seek out the loco weeds and 
teach others of the herd to eat them too. 

Poison ivy (Rhus toxicodendron and 
related spp.) is the best-known plant in 
America that is poisonous to the touch, 
the usual symptom being itching, watery 
blisters. It is a climbing vine or low shrub 
with trifoliolate leaves, the central leaflet 
on an evident stalk (Fig. 26.5). The leaves 
are brightly colored in the fall, and scarce- 
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ly a year goes by that some high school 
class does not use it to decorate a gym- 
nasium for a dance. Susceptibility to the 
poison, a nonvolatile oil, varies greatly, 
and many people are apparently immune. 
The resistance is likely to disappear, how- 
ever, after repeated exposure, and those 
who make a show of their immunity are 
courting hospitalization. The poisonous 
effect is thus evidently due to an allergy. 

A number of other members of the 
Anacardiaceae are also allergenic. Japancse 
or Oriental lacquer is derived from Rhus 
vernicifera, a close relative of poison ivy, 
and causes trouble to many who work 
with it, although the finished product is 
apparently innocuous. Cashew (Anacar- 
dium occidentale) causes a violent rash on 
some people, but commercial cashew nuts 
have been rendered harmless by roasting. 

Aside from hay-fever plants (discussed 
on p. 618), the common cultivated prim- 
rose (Primula obconica) is one of the most 
familiar allergenic plants that does not 
belong to the Anacardiaceae. It causes a 
rash much like poison ivy in many people. 
Strawberries have a similar effect on some 
people. The list of plants to which at least 
a few people are allergic might be extended 
almost indefinitely, and probably almost 
any plant can be allergenic to someone, 
somewhere, under the proper conditions. 
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Mutation in petunia, induced by high-frequency radiation. The plant is a hybrid of a 
purple-flowered and a white-flowered cultivar, thus heterozygous for flower color, with 
purple dominant. The cell which gave rise to the branch at the right underwent a muta- 
tion for flower color when the young seedling was irradiated. (Photo courtesy of Robin 
L. Cuany, Brookhaven National Laboratory.) 





INTRODUCTION 


The similarities and differences be- 
tween parent and offspring have interested 
and puzzled men throughout history. The 
English proverb, Like-father, like son, is 
a translation from ‘classical Latin, yet 
recognition of the difference between 
brothers is as old as the story of Cain and 
Abel. All sorts of circumstances relating 
to conception, gestation, and birth have 
been called on to explain sibling differ- 
ences, and such beliefs die hard. Shake- 
speare could realize that “The fault, dear 
Brutus, lies not in our stars,” but daily 
newspapers still print zodiacal charts and 
astrological columns, and some prospective 
mothers still spend long hours at the 
piano, hoping to exert a prenatal influence. 

The upsurge of scientific inquiry ush- 
ered in by the Renaissance led to experi- 
ments directed at unraveling the mystery 
of heredity. For several centuries the re- 
sults were contradictory and confusing, 
adding little to the common knowledge 
that both parents usually contribute about 
equally. The discovery of sexuality in flow- 
ering plants by the German physician 
Rudolf Camerarius (1665-1721) in 1694 
made plants available for genetic experi- 
ments. It was soon dcmonstrated that 
hereditary variation in plants is much like 
that in animals, and equally puzzling. 


MENDELISM 


Modern genetics is founded on the 
work of Gregor Mendel (1822-1884) a 
monk at Briinn, Austria (now Brno, 
Czechoslovakia). (See Fig. 36.1.) His clas- 
sic studies on inheritance in peas, begun 
in 1857, werc published in an obscure 
Austrian journal in 1866 and escaped sci- 
entific attention until 1900. In that year 
DeVries in Holland, Correns in Germany, 
and von Tschermak in Austria rcported 
in rapid succession their own indepcndent 


ee <a 
S Ll! WAY 
i ae 





Fig. 36.1 G 


regor Mendel (1822-1884), Austrian 
monk, who laid the foundation of genetics. (Photo 
courtesy of Verne Grant.) 


rediscovery of Mendel’s principles. Men- 
del’s own later experiments, on hawkweed 
(Hieracium), gave most confusing results, 
not at all in accord with the experiments 
on peas, because (as we now know and 
Mendel did not) the plants were partly 
apomictic (setting seed without fertiliza- 
tion), and he died without realizing the 
fundamental importance of his work. 
Mendel succeeded, where his prede- 
cessors for centuries had failed, because 
he studied characters which showed sharp 
differences, without intermediates, because 
he studied each character separately as 
well as in combination with others, be- 
cause he kept accurate pedigree records 
and because he worked with enough indi- 
viduals to get statistically valid results. 
Furthermore, Mendel carefully chose a 
species which is normally self-pollinated 
but can easily be cross-pollinated. We 
shall see that self-pollination leads to 


725 


726 INTRODUCTORY BOTANY 


genetic purity, and each of the orginal 
22 varieties which he used in his garden 
experiments was genetically pure for all 
the characters studied. Mendel was also 
lucky in his choice of characters to be 
studied. Another choice might have shown 
contradictory results, which we can now 
explain, but which would have destroyed 
the beautifully consistent pattern he re- 
ported. Mendelian inheritance is the foun- 
dation of genetics, but not the whole 
structure; an understanding of Mendelism 
is essential to any further progress, but 
there are many genetic results which can- 
not be explained in simple Mendelian 
terms. 

Mendel studied nine sets of charac- 
ters, but three of these were so perfectly 
correlated that he correctly considered 
them as expressions of the same hereditary 
factor, thus reducing the number of sepa- 
rate characters to seven pairs. He found 
that the inheritance of each of the seven 
pairs followed the same consistent pattern, 
and that each was wholly independent of 
the others. The characters were: 


1. Yellow versus green cotyledons 
2. Round versus wrinkled cotyledons 
3a. Purple versus white flowers 
b. Purple versus green axils in the 
seedling 
e. Gray to brown or purplish versus 
white seed coat 
4. Tall versus dwarf habit 
5. Axial (distributed along the stem) 
versus terminal flowers 
6. Grecn versus yellow pods (before 
maturity ) 
7. Inflated versus moniliform! pods 
As a result of his experiments, Mendel 
concluded that each character studied was 
governed by a single pair of hereditary 
factors: in modern terms, we would say 
that a single pair of genes swings the 
balance in each case. Mendel concluded 


1 Moniliform: constricted at intervals, like a 
string of beads. 
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that each seed receives one factor of each 
pair from the ovule parent, and the other 
from the pollen parent. We agree, adding 
that the two factors of a pair are borne 
on homologous chromosomes, e.g., if the 
factor in the sperm for pod color is on 
chromosome A, then the factor in the 
egg for pod color is also on chromosome 
A, and if the factor in the sperm for cotyle- 
don color is on chtomosome B, then the 
factor in the egg for cotyledon color is 
also on chromosome B. 

Mendel’s priniciple of segregation, 
stated in modern terms, is that the two 
genes of a pair do not contaminate each 
other but are segregated in reduction divi- 
sion and pass into different gametes. It is 
a fundamental principle of heredity. 

Mendel found that one character of 
each opposing pair is dominant, showing 
up whenever a factor (gene) for it 1s 
present, and that the other is recessive, 
showing up only in the absence of the 
dominant factor. In the above list the 
dominant character of each pair is listed 
first. Thus the tall habit is dominant, and 
dwarf recessive: first-generation hybrids 
between tall and short varieties were uni- 
formly tall, although these hybrids carried 
a recessive factor for dwarfness as well as 
a dominant factor for tallness. If the 
dominant factor, for tallness, is repre- 
sented by T, and the recessive factor, for 
dwarfness, by t, then the original tall 
variety, being genetically pure for tallness, 
had the constitution TT, and the dwarf 
variety, being genetically pure for dwarf- 
ness, had the constitution tt. All gametes 
produced by the tall parent would neces- 
sarily carry the factor T, and all gametes 
produced by the dwarf parent would carry 
the factor t. The first-generation hybrids, 
therefore, would all have the constitution 
Tt; and since T is dominant over t, the 
plants would be tall. 


It should be noted that in genetic 
studies any cross between individuals dif- 


fering in one or more genes is called a 
hybrid. This is in contrast to common 
usage in which the term hybrid is usually 
applied only to erosses between different 
species. The first-generation offspring of 
a genetic hybrid are commonly called the 
F, generation, the F* standing for filial. 
Succeeding generations derived by self- 
pollination or sibling matings are called 
the Fə, Fs, etc. A backcross is a mating 
between a hybrid (usually an F,) and one 
of the original parental types. 

The F, hybrids referred to above are 
tall plants with the genetic constitution 
Tt. When these plants are allowed to set 
seed naturally (by self-pollination), three- 
fourths of the plants in the next genera- 
tion (the F2) are tall, and one-fourth are 
dwarf. This result can be explained by 
considering the processes of reduction and 
subsequent fertilization. The two homol- 
ogous chromosomes carrying the factors 
T and t, respectively, are pulled to oppo- 
site ends of the cell in the first division 
of meiosis, and each of the gametes ulti- 
mately produced therefore carries only 
one gene of the pair, either T or t; the two 
types are, of course, produced in equal 
quantities. The proportion of each genetic 
type to be expected in the F generation 
can easily be seen by using a checkerboard 
device in which all the kinds of gametes 
produced by one parent are listed across 
the top, all the kinds produced by the 
other are listed along one side, and the 
possible matings are shown in the squares. 
When the plants are self-pollinated, as in 
the present case, the list of gametes at the 
side of the chart is of course the same as 
the list at the top, and the chart appears 
as follows: 





Thus, on the average, one-fourth of 
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the F plants have the constitution TT 
and are tall; half the Fə plants have the 
constitution Tt and are also tall, making 
a total of three-fourths tall; the remaining 
fourth have the constitution tt and are 
dwarf. Successive gencrations derived from 
these dwarf plants by self-pollination 
would all be dwarf, since they are geneti- 
cally pure for dwarfness. Successive genera- 
tions derived by selfing tall plants with 
the constitution TT would all be tall, 
being genetically pure for tallness, but the 
next generation derived from tall plants 
with the constitution Tt (these being two- 
thirds of all the tall plants in the Fə) 
would again segregate in the ratio of 3:1, 


Cue: 
It will be seen that the 3:1 ratio of 


tall to dwarf plants is based on a 1:2:1 
ratio of genetic constitutions. This same 
sort of 1:2:1 ratio can be built up by 
shaking 2 pennies in a jar and rolling them 


onto a table. About one-fourth of the 
throws will show two heads, another 


fourth will show tails, and the remaining 
half will show one head and one tail. This 
ratio is, of course, based on a large num- 
ber of throws. One could not expect to 
get the correct ratio with only four throws 
(although it will sometimes happen), and 
the same is true of hybrid ratios. 

The fact that plants of similar appear- 
ance may be genetically different necessi- 
tates some additional terms. The pheno- 
type is the actual characteristic of the 
individual, as expressed in its form, struc- 
ture, or physiology. The genotype is the 
genetic make-up. Peas with the genotype 
TT and those with Tt have the, same 
phenotype, tall; those with the genotype 
tt all have the same phenotype, dwarf. 
Individuals with both factors of a pair 
alike are homozygous (from Greek homo-, 
one and the same); those with the two 
factors of a pair opposed are heterozygous 
(from Greek hetero-, other, unlike). Thus 
pea plants with tlie genotype TT are 
homozygous dominant; those with the 
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Fig. 36.2 Genetic segregation in corn. A and B are ears from pure lines, one of which has 
grains with pigmented endosperm. C is the F, hybrid between them, heterozygous for 
pigment, but phenotypically like the pigmented parent. D is the F, from this cross, showing 
a 3:1 segregation of pigmented and unpigmented endosperm. £ is a backcross from the 
F, to the pigmented parent; half the grains in this backcross are homozygous for pigmen- 
tation, and half heterozygous, but phenotypically they are all alike. F is a backcross from 
the Fı to the unpigmented parent, showing a 1:1 ratio of pigmented (heterozygous) and 
unpigmented (homozygous recessive). The slight differences in intensity of color in the 
pigmented grains in this photo are due to environmental differences and to exposure 
to light after the ears were harvested. (Photos courtesy of G. W. Blaydes, from Transeau, 
Sampson, and Tiffany, Textbook of botany, rev. ed., Harper & Row, 1953.) 


genotype Tt are heterozygous; and those 
with the genotype tt are homozygous re- 
Cessive. 

A mating in which only a single pair 
of genes is considered is called a monohy- 


brid. The possible monohybrid genotypic 
ratios are 1:2:1, 1:1, and 1:0. The 1:2:1 
ratio is obtained by crossing two hetero- 
zygous individuals, or by selfing a hetero- 
zygous individual, as shown on the previ- 


ous checkerboard. Half the offspring from 
such a cross are heterozygous, and one- 
fourth represents each of the two homo- 
zygous types. For example, Tt Tt yiclds 
1 TT, % Tt, and % tt. 

The 1:1 ratio is obtained by crossing 
a heterozygous individual with a homo- 
zygous one. Half thc offspring are hetero- 
zygous, like one parent, and half homo- 
zygous, like the other. Thus Tt X tt 
yields % Tt and % tt; and Tt X TT 
yields % Tt and % TT. It should be 
noted that phenotypically the parents and 
offspring in this last example are all tall; 
only the genotypes show a 1:1 ratio. The 
mating of heterozygous to homozygous 
may also be shown on the following check- 
erboards, with the gametes of the hetero- 
zygous parent shown at the top and the 
single kind of gamete produced by the 
homozygous parent shown at the side. 


T t T t 
defe] rier 


The 1:0 ratio is obtained by mating 
homozygous with homozygous. Thus TT 
X TT yiclds only TT, tt X tt yields only 


tt, and TT te yields only Tt. The next. 


generation obtained by selfing the Tt indi- 
viduals will, of course, segregate in a 1:2:1 
genotypic ratio, like any heterozygous X 
heterozygous mating. 


DIHYBRIDS AND TRIHYBRIDS 


We have noted in Chapter 4 that, 
during reduction division, one chromo- 
some of each pair is pulled to one end of 
the cell, and the other to the other. Each 
of the cells produced in meiosis thus has 
a complete, balanced set of chromosomes. 
Except for this limitation, the chromo- 
somes are randomly assorted in the proc- 
ess; the maternal or paternal origin of the 
chromosomes is immaterial. The genes are 
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likewise randomly assorted, as long as they 
are borne on separate chromosomes. Each 
of the seven pairs of factors noted by 
Mendel in peas is borne on a different pair 
of chromosomes, and therefore, he found 
a completely independent assortment of 
characters in the hybrid progeny. From 
these results he deduced the principle of 
independent assortment, i.e., that each 
pair of characters is inherited independ- 
ently of the others, and all combinations 
of characters occur in proportions governed 
by the mathematical laws of chance. 

We should emphasize again that the 
operation of the principle of independent 
assortment is limited by the fact that it is 
the chromosomes, rather than the indi- 
vidual genes, which segregate during mei- 
osis. Genes borne on different chromo- 
somes are independently assorted, but 
genes borne on the same chromosome 
tend to remain together. This linkage of 
genes on a chromosome may be broken 
by crossing over (exchange of parts be- 
tween homologous chromosomes) during 
meiosis, as explained in Chapter 4, but 
blocks of genes still tend to remain to- 
gether. A modern restatement of Mendel’s 
principle of independent assortment is that 
insofar as they are borne on different 
chromosomes, each pair of genes is in- 
herited independently of the others, and 
all combinations of genotypes occur in the 
offspring in the proportions governed by 
the mathematical laws of chance. 

In genetic studies, a dihybrid is a hy- 
brid in which two pairs of genes are con- 
sidered. A typical dihybrid mating, such as 
those recorded by Mendel, shows a 9:3:3:] 
ratio in the Fə, with %. of the individuals 
showing both dominant characters, 3⁄4 e 
showing each of the 2 combinations of 
dominant and recessive, and 4, showing 
both recessive characters. ‘This ratio can 
be understood by detcrmining the possible 
gametes and using the checkerboard to 
show all possible genotypes in the off- 
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spring. For example, if a pea plant with 
yellow, round seeds (genotype YYRR) is 
crossed with a plant with green, wrinkled 
seeds (gcnotype yyrr), the Fı has yellow, 
round seeds, with the genotype YyRr. 
These F, plants are heterozygous for both 
factors and can produce four kinds of 
gametes, YR, Yr, yR, and yr. The checker- 
board showing the F is as follows: 


YR Yr yR yr 


YYRR YyRr 
YYRr Yyrr 
YyRR yyRr 
Ss 


It will be seen that nine different 
genotypes are represented on the checkcr- 
board, and that these occur in definite 
proportions. The genotypes YYRR (Ye 
of the total), YYRr (%6 of the total), 
YyRR (%6 of the total), and YyRr (46 
of the total) produce the round, yellow 
phenotype. The genotypes yyRR (ve of 
the total) and yyRr (%6 of the total) 
produce the green, round phenotype. ‘The 
genotypes YYrr (1⁄4 of the total) and 
Yyrr (%6 of the total) produce the yellow, 
wrinkled phenotype. And the genotype 
yyrr (e of the total) produces the green, 
wrinkled phenotype. 

These ratios can also be obtained by 
simple arithmetic. Thus, 34 of the plants 
in the Fə have yellow seeds, and 34 of 
that 3⁄4, or a total of 94, have round seeds 
as well. Of the 34 that have yellow seeds, 
only 4, or a total of 3⁄6, have wrinkled 
sceds. One-fourth of the plants have green 
seeds. And three-fourths of that fourth 
(or a total of %4¢) have round seeds, and 
only a fourth of that fourth (or a total of 
146) have wrinkled seeds. 

The genotypic ratios can also be cal- 
culated. One-fourth of the individuals 
have YY; half have Yy; and one-fourth 


YR 





Yr 









yR 


yT 





4 


have yy. Of the fourth that have YY, 
only a fourth (thus a total of 4¢) also 
have RR; another fourth (again a total 
of %4¢) have rr; and half (a total of %46) 
have aint Ee 

It should be noted that in all these 
crosses it docs not matter which is the 
pollen parent and which the ovule parent; 
nor does it matter how the characters are 
associated in the parents. A YYRR X 
yyrr cross gives the same results as a yyRR 
x YYrr cross. In the former case, the 
original gametes are YR and yr, and the 
genotype of the F; is YyRr; in the latter 
case, the original gametes are yR and 
Yr, and the genotype of the Fı is still 
YyRr. 

The Fə derived from a trihybrid 
(three pairs of factors considered) nor- 
mally shows a phenotypic ratio of 27:9:9: 
9:3:3:3:1, if the parents were homozygous 
and differed in all three characters. This 
ratio can be demonstrated with a checker- 
board or calculated mathematically. If one 
parent is tall, with inflated, green pods 
(genotype TTIIGG) and the other is 
dwarf, with moniliform, yellow pods 
(genotype ttugg), the F, is tall, with in- 
lated green pods, and has the genotype 
TthGg. Eight possible kinds of gametes 
can be produced by this hybrid. These are 
TIG, Tig, TiG, tIG, Tig, tIg, tiG, and tig. 
On a checkerboard with 64 squares, the pos- 
sible matings among these gametes can be 
shown. Twenty-seven sixty-fourths of the 
Fə plants (34 of 34 of 34) show all three 
dominant characters—tall, with inflated 
green pods. Nine sixty-fourths (34 of 3⁄4 
of 14) show each of the three possible 
combinations of two dominant and one 
recessive character—tall, with inflated yel- 
low pods; tall, with moniliform, green pods; 
and dwarf, with inflated green pods. Three 
sixty-fourths (34 of 14 of 14) show each 
of the three possible combinations of one 
dominant and two recessive characters— 
tall, with moniliform yellow pods; dwarf, 
with moniliform green pods; and dwarf, 


with inflated yellow pods. And one sixty- 
fourth (14 of % of 14) show all three 
recessive characters—dwarf, with monili- 
form yellow pods. 


PROBLEMS 


Given the genotype of the parents, 
the results of various sorts of crosses can 
be predicted by determining the possible 
kinds of gametes and using a checkerboard, 
or by direct ealculation. One can also work 
backward, determining the genotype of 
the parents by the phenotype of one or 
two generations of offspring, or the geno- 
type of one parent by the phenotype or 
genotype of the other plus that of one or 
more generations of offspring. 

To determine by the checkerboard 
method the phenotypes produced by cross- 
ing ‘ItRr with Ttrr, one first determines 
the kinds of gametes that can be produced 
by each parent. The TtRr parent can pro- 
duce four kinds of gametes, TR, Tr, 
tR, and tr, but the Ttrr parent can pro- 
duce only two kinds, Tr and tr. The fol- 
lowing checkerboard can then be filled 
out: 


TR Tr tR tr 


T 


Threc-eighths of the plants will be tall, 
with round seeds (genotypes T'TRr and 
TtRr); three-eighths will be tall, with 
wrinkled seeds (genotypes T'Trr and Ttrr); 
one-eighth will be dwarf, with round seeds 
(genotype ttRr); and one-eighth will be 
dwarf, with wrinkled seeds (genotype 
ttrr). The same results can be obtained by 
calculation. Three-fourths of the plants 
will be tall, since both parents are hetero- 
zygous for this character. Half the plants 
will have round seeds and half will have 
wrinkled seeds, since one parent is hetero- 
zygous for the character and the other is 
homozygous recessive. So, of the three- 


HEREDITY 731 


fourths that are tall, half, or a total of 
three-eighths, will also have round seeds, 
and the other half, again for a total of 
three-eighths, will have wrinkled seeds; and 
of the fourth that are dwarf, half, for a 
total of one-eighth, will have round seeds, 
and the other half, again for a total of one- 
eighth, will have wrinkled seeds. 

This same problem can be worked 
from offspring to parent. Given % tall, 
round, 34 tall, wrinkled, % dwarf, round, 
and 44 dwarf, wrinkled, it is clear that the 
ratio of tall to dwarf is 3:1, and the ratio 
of round to wrinkled is 1:1. The 3:1 ratio 
shows that both parents were heterozygous 
for height, and the 1:1 ratio shows that 
one parent was heterozygous for seed tex- 
ture, and the other homozygous recessive. 
The genotypes of the parents are, there- 
fore, TtRr and Ttrr. 

In working problems by the checker- 
board method, it is of course necessary 
to make sure that none of the possible 
types of gametes has been overlooked. The 
numbcr of kinds of gametes that can be 
produced by an individual is 2", if n is the 
number of heterozygous pairs. Thus an 
individual with the genotype TTIIGg has 
only one heterozygous pair, and can pro- 
duce only two kinds of gametes, these 
being TIG and TIg; an individual with 
the genotype TTIiGg has two heterozy- 
gous pairs, and can produce four (2?) 
kinds of gametes, these being TIG, Tig, 
TiG, and Tig; and an individual with the 
genotype TthGg has three heterozygous 
pairs, and can produce eight (2°) kinds of 
gametes; etc. An individual with ten heter- 
ozygous pairs can produce 21°, or 1064 
kinds of gametes. The checkerboard 
method thus obviously has its limitations 
in working genetic problems. 


OCCURRENCE OF MENDELIAN CHARACTERS 


Most kinds of plants have some char- 
acters which appear to be inherited in sim- 
ple Mendelian fashion, and many others 
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which are more complex. Summer squash 
has been much used to illustrate Men- 
delism: white fruit is dominant to yellow, 
and disk-shaped fruit is dominant to spher- 
ical. There are no hard and fast rules as to 
which characters will be Mendelian and 
which will not, nor as to which character 
of a Mendclian pair will be dominant; 
each case must be investigated individually. 
Presence of a structure is usually dom- 
inant to its absence, but even here there 
are exceptions. 


MECHANISM OF GENE ACTION 


The mechanism of gene action is ex- 
plored at some length in Chapter 37, but 
it is useful to consider some aspects of it 
here as well. We have seen in Chapter 3 
that genes act by governing the kinds of 
molecules that are supplied to the remain- 
der of the protoplasm. Some of the evi- 
dence supporting this eoncept came from 
experiments with Neurospora (especially 
N. crassa), a mold belonging to the Asco- 
mycetes. The usefulness of Neurospora in 
genetie studies was demonstrated in the 
1930’s by the American botanist B. O. 
Dodge (Fig. 36.3). The vegetative stage 
is haploid, so that the complications of 
heterozygosity are avoided; the plant is 
easily grown in pure culture and has a short 
life cycle; vegetative reproduction occurs 
freely by conidia, and parts of the my- 
celium can also be broken off and estab- 
lished as new cultures; the species N. crassa 
is heterothallic, with two mating types, and 
sexual reproduetion occurs only when the 
two opposite types come into contact. The 
ascus produces eight ascospores in a row, 
and the spores are large enough so that they 
do not slip by each other in the ascus. 
By careful manipulation, the ascospores 
can be removed one at a time and sepa- 
rately cultured. It is possible, therefore, to 
study all the cells produced by reduction 
division from a single meiocyte (as it is 





Fig. 36.3 B. O. Dodge (1872-1960), American 
mycologist, the father of Neurospora genetics. 


not with higher plants, higher animals, or 
insects), and the principle of genic segre- 
gation in meiosis can be demonstrated di- 
rectly instead of merely statistically. 
About 1940 the American botanists 
George W. Beadle (1903—-  ) and E. 
L. Tatum (1909- ) and their asso- 
ciates gave the use of Neurospora a new 
and important turn. By exposing the fungus 
to X rays, they obtained mutant forms 
which were cultured and bred back to the 
wild type. Many of these mutants differed 
from the wild type in specific physiologic 
traits which segregated in Mendelian fash- 
ion when bred back to the wild type, show- 
ing that only a single gene was involved. 
The wild type needs only inorganic salts, 
a carbohydrate such as sucrose, and the 
vitamin biotin; from these and water it 
can synthesize all the more complex sub- 
stances it needs. More than twenty differ- 
ent mutants, each lacking the ability to 
produce some particular substance neces- 
sary for growth, have been found. Without 
the necessary substance, they die; when 
it is provided, they grow normally. The 


conclusion is that a mutation in a particu- 
lar gene deprives the plant of the ability to 
produce a particular chemical. The sub- 
stances required by these mutants include 
various vitamins, amino acids, and other 
compounds. One interesting mutant is un- 
able to synthcsize the vitamin riboflavin 
at temperatures above 28°C, whereas the 
wild type can make it at temperatures up 
to 40°C. This mutant would remain unde- 
tected at temperatures below 28°C. 

The fact that genes act by governing 
the kinds of molecules supplied to the re- 
mainder of the protoplasm is vital to an 
understanding of heredity. Any change in 
a particular constituent of the protoplast 
has a chain of side effects, influencing the 
reactions which occur and the products 
that are formed, thus ultimately influenc- 
ing the phenotype of the organism. Every 
characteristic of the organism is governed 
by its total genotype, in conjunction with 
the environment, and any change in any 
gene, as well as any environmental change, 
potentially has some effect on every charac- 
ter. Any particular gene affects some char- 
acters more than others. It may swing 
the balance as a Mendelian factor for one 
character, slightly modify the expression of 
another character, and have no detectable 
effect on another. Its effects on a particu- 
lar character may be strikingly different 
against one genic background than against 
another, or in one environment than in 
another. 

When we say that the color of the 
cotyledons in peas is governed by a single 
pair of factors, what we really mean is 
that among the genotypes studied, under 
the conditions of the experiment, differ- 
ences in the eolor of the cotyledons are 
caused by differences in a single pair of 
factors (genes). We shall see that, in some 
varieties of snapdragons, the environmental 
conditions sharply modify the effect of a 
particular pair of genes on flower color, and 
that the effect of this pair of genes also 
differs strongly according to the other 
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genes present. The relative influence of 
heredity and environment ranges from one 
extreme, in which environmental differ- 
ences have so little effect that they may 
ordinarily be disregarded, to the other ex- 
treme, in which hereditary differcnces are 
overwhelmed by environmental differences. 

The Mendelian characters are those 
which, in the particular population studied, 
under the conditions of the experiment, 
are governed by differences in a single pair 
of genes. A character which is Mendelian 
in one population may be more complexly 
inherited in another population which 
differs in other genes, and a change in the 
environmental conditions may also modify 
or obscure the simple Mendelian ratios. 


INHERITANCE WHICH DOES NOT 
SHOW TYPICAL MENDELIAN 
PHENOTYPIC RATIOS 


It is perhaps paradoxical that, al- 
though Mendel’s principles are essential to 
an understanding of, heredity, it is only 
the exceptional character which shows 
typical Mendelian phenotypie ratios. ‘The 
relative infrequency of simple Mendelian 
characters is a natural result of the mode 
of gene action described in the preceding 
paragraphs. Some aspects of this complex 
balance arc discussed in the following 
paragraphs under the headings of incom- 
plete and reversed dominance, lethal gcnes, 
multiple alleles, multiple genes, multiple 
effect, modifying factors, gene interaction, 
and linkage. 


INCOMPLETE DOMINANCE 


Dominance exists in varying degrees. 
Heterozygous individuals may be pheno- 
typically so similar to the homozygous 
dominant as to be indistinguishable, or 
they may resemble the homozygous dom- 
inant but deviate slightly toward the reces- 
sive type, or they may be obviously inter- 
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mediate between the two homozygous 
types. When the two genes of a pair gov- 
ern the formation of molecules with op- 
posite effect, the cffects may counterbal- 
ance each other, or the effect of one may be 
more or less submerged by the other. Often 
the recessive factor really represents the 
absence of a gene, which has been de- 
stroyed by some genetic accident in the 
past, or the molecules governed by one 
of the genes may be essentially neutral in 
their influence on the character under 
study, so that the control is exerted by 
only one gene of the pair. In such cases, 
the single active gene of the pair may or 
may not be effective enough to make the 
plant look like one whieh is homozygous 
for the active gene. 

Albinism in flowers furnishes good ex- 
amples of both complete and incomplete 
dominance. Mendel found that the factor 
for purple flowers in peas was dominant to 
the factor for white flowers. The hetero- 
zygotes were phenotypically like the 
homozygous dominants. In some varieties 
of snapdragons, on the other hand, the 
factor for red flowers is only incompletely 
dominant over a factor for ivory flowers, 
and the heterozygotes have pink flowers. 
The F, hybrid between a homozygous red 
and a homozygous ivory has pink flowers, 
and the F generation segregates in a 1:2:1 


ratio (%4 red, % pink, 3⁄4 ivory). 


REVERSAL OF DOMINANCE 


Dominance may be affected by the en- 
vironmental conditions or by the action 
of other genes. We have noted that snap- 
dragons heterozygous for red versus ivory 
flowers have pink flowers under ordinary 
conditions. If the plants are grown in 
bright light at low temperatures, however, 
the flowers of heterozygous plants are red, 
and in shaded, warm places they are ivory. 
In Jimson weed (Datura), purple color of 
the stem is completely dominant over 
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green under ordinary outdoor conditions, 
but only partly dominant in the green- 
house in the winter. Here the direct en- 
vironmental effect is probably on the 
amount of photosynthesis; a high concen- 
tration of sugars (resulting from rapid 
photosynthesis) favors the formation of 
anthocyanins, and, at a low level of photo- 
synthesis, the amount of sugar present in 
the cells does not stimulate as much pro- 
duction of anthocyanin in the hetero- 
zygote as in the homozygous dominant. 

It has been noted in animals that 
some characters which are dominant in 
males are recessive in females, or vice versa. 
In some breeds of sheep, presence of horns 
is dominant to absence of horns in males, 
and recessive in females. Baldness in man 
has been thought to show a similar re- 
versal of dominance, although doubtless 
there are other modifying factors as well. 
Dominance can also be reversed by genes 
which do not control sex. These phe- 
nomena have attracted more attention in 
mammals than in plants, but they exist in 
plants as well. 


LETHAL GENES 


Probably the most familiar lethal char- 
acter in plants is the absence of chloro- 
phyll. Being unable to make their own 


food, seedlings without chlorophyll die 
when the food reserve of the seed is used 


up. Corn is often used for laboratory dem- 
onstrations of this lethal character (Fig. 
36.4). Heterozygous plants are phenotyp- 
ically normal; when selfed, or crossed 
among themselves, they set seed which 
gives a 3:1 ratio of green to albino seed- 
lings. The albinos ordinarily die from star- 
vation within a few weeks, but if glucose 
is carefully supplied to the leaves, the 
plants can be grown to maturity. It is thus 
clear that a factor which is lethal under 
one set of circumstances is not necessarily 
so under another. Lethal factors also differ 
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in the time at which they exert their effect; 
some plant lethals are effective at the 
zygote or even the gamete stage. 

Some genes which are lethal when 
homozygous can also be recognized in the 
heterozygous condition. The classical ex- 
ample is a gene governing color of fur in 
the house mouse. The factor Y for yellow 
is dominant to all other factors for coat 
color, and any individual heterozygous for 
Y is yellow. When inbred, however, yel- 
low mice produce yellow and nonyellow 
offspring in the ratio of 2:1. The embryos 
that are homozygous for yellow die before 
birth, so that a 1:2:1 ratio among the 
young embryos becomes a 2:1 ratio among 
the live offspring. All yellow mice are 
heterozygous for coat color. This example 
is especially interesting because it illus- 
trates that a gene which is dominant in 
one respcct (coat color) may be recessive 
in another (lethality). 


MULTIPLE ALLELES 


Any gene is an allele (from Greek al- 
lēlōn, of one another) of an opposing gene 
occupying the same locus (position) on a 
homologous chromosome. Thus in peas 
the factor T, for tallness, is an allele of the 
factor t, for dwarfness. T and t are an 
allelic pair. The phenotypes resulting from 
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Fig. 36.4 Segregation of the 
lethal albino mutant in corn. 
Both parents in this cross 
were heterozygous for the al- 
bino gene. (Photo courtesy of 
G. W. Blaydes, from Tran- 
seau, Sampson, and Tiffany, 
Textbook of botany, rev. ed., 
Harper & Row, 1953.) 


the actions of thcse genes are allelomorphs. 
A normal diploid individual has only two 
alleles of a given gene, but different indi- 
viduals of the same species may have dif- 
ferent alleles. The alleles for red and white 
flowers in snapdragons are only two in a 
series of at least nine alleles. Some of these 
produce various shades of pink, and one 
produces red-and-white-striped flowers. 
Pink-flowered snapdragons are not neces- 
sarily heterozygous for red versus ivory or 
white; they may be homozygous for pink. 
The same sort of situation holds true for 
many other characters in other species. It 
is only by pedigree records that the geno- 
type of an individual can be determined. 


MULTIPLE GENES 


It is now standard genetic theory that 
each hereditary character is governed by 
the whole genotype of the organism, in con- 
junction with the environment. The influ- 
ence of a particular gene on a_ particular 
character may be so slight as to be negligible, 
however, or may become cvident only under 
a particular set of environmental condi- 
tions. In simple Mendelian characters, a 
particular pair of genes regularly turns the 
balance governing the phenotypic expres- 
sion. In many other characters the pheno- 
typic expression is governed by several pairs 
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of genes, each with its own effect, and the 
effects may be cumulative or opposed. 
Mendel himself discovered that the color 
of the flower in beans (Phaseolus) is 
govcrned by more than one pair of 
factors. 

One of the simplest instances of mul- 
tiple genes is provided by the color of the 
grain in wheat. Some crosses of red- to 
white-grained wheat show a simple 3:1 
ratio of red to white grains in the Fə, but 
othcrs show a 15:1 ratio, and still others a 
63:1 ratio. Furthermore, the red grains vary 
in the intensity of color. In the hybrid 
with a 3:1 ratio in the Fo, the F, grains 
are rather pale red, paler than the red 
parent, and the 3:1 ratio of red to white in 
the Fə is really a 1:2:1 ratio, 4% of the 
grains being as dark as the original red 
parent, 1% being paler, like the Fy, and 4 
being white. In the crosses showing 15:1 
and 63:1 ratios, there are several degrees of 
redness, but it is not always possible to 
draw sharp lines between the classes. ‘The 
15:1 ratio is produced by the cumulative 
effect of 2 pairs of genes; and the 63:1 ratio 
by 3 pairs. 

The 15:1 ratio of red to white grains 
in wheat may be used as a simple example 
of multiple factors in general. The original 
red parent has the genotype RiRiReRo, 
and the white parent has ryryrere. The red 
parent produces gametes of the genotypc 
RiRe, and the white parent produces 
gametes of the genotype mre. The Fy has 
the genotype RırıRər and has red grains 
which are distinctly paler than those of the 
red parent. The F, produces four kinds of 
gametes, RiR Ryre, Re, and mre. The 
genotypes of the Fə are shown on the fol- 
lowing checkerboard: 


Ri Rə Riro T1Re IIe 


RyRy ReRe|RiRjRere RırıR2R2| RiriRoro| 


RirıRərə | Raryrere | ririRere | ryrzrere 





RyRoe 
Ryre 
rı Ro 






Tiro 
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If the two factors of a pair have equal 
weight, then four classes of redness may be 
expected in the F2. Only 4¢ of the individ- 
uals have all 4 factors for red, like the 
original red parent; “4 have 3 genes for 
red; 4 have 2 genes for red, and 4 ¢ have 
only 1 gene for red. The remaining 16 
have no genes for red, and the grains are 
white. 

One of the most important things 
about the operation of multiple factors is 
that some of the offspring may be more ex- 
treme than either parent. In the present 
example of wheat, only &¢ of the F2’s have 
the same shade of red as the Fy. Five-six- 
teenths have the grains more deeply col- 
ored than those of the Fy, and five-six- 
teenths have them less deeply colored. 
Most of the important characters of plants 
and animals are governed by multiple 
genes, with each individual being hetero- 
zygous for some genes and homozygous 
for others. In eharacters governed by multi- 
ple genes, the offspring are usually inter- 
mediate between the two parents, but they 
differ among themselves. In any such char- 
acter, an individual may be more nearly 
like one parent than the other, and it may 
even be more extreme than either parent. 


MULTIPLE EFFECT 


Mendel was the first to observe multi- 
ple effects of a single gene. He found that 


the same factor governed the color of the 
flowers, the color of the seed coat, and the 
color of the axils of the plant; further- 
more, the color of the seed coat was not 
the same as that of the flowers and axils. 
Many other examples of multiple effect 
are now known, and in principle every 
gene is believed to have some potential in- 
fluence on every character. In practice it is 
seldom possible to identify more than 
about a half dozen effects of a single gene, 
the other effects being overwhelmed by 
the variation in multiple gene characters, 


or being so slight as to escape detection 
under ordinary conditions. 


Mopiryinc GENES 


There are many genes which modify 
the effect of other genes, without any other 
obvious effect on the character concerned. 
Some kinds of snapdragons have a reces- 
sive dilution factor affecting the color of 
the flowers. Plants homozygous for this 
factor have paler flowers than heterozy- 
gotes or plants without this gene. 


GENE INTERACTION 


We have emphasized that it is really 
the whole genotype, rather than some one 
or few individual genes, which exercises 
genetic control over a eharacter. ‘Thus, in 
a broad sense, all heredity involves gene 
interaction. When a single pair of genes 
regularly swings the balance for a charac- 
ter, outweighing the effects of all other 
genes combined, we have Mendelian char- 
acters. When the effect of one gene is 
modified by another, we speak of modify- 
ing genes. When several pairs of genes 
have cumulative effects, differing princi- 
pally in degree, we speak of multiple genes. 
And when we wish to emphasize that two 
or more pairs of genes can produce a par- 
ticular effect only in combination, we 
speak of gene interaction. 

A simple case of gene interaction is 
provided by flower color in sweet peas. 
Crosses between purple- and white-flow- 
ered races show all purple flowers in the 
F,, and segregate purple to white in a 3:1 
ration in the Fə. White-flowered races in 
general breed true, and produce white- 
flowered offspring when crossed among 
themselves. So far everything follows a 
simple Mendelian pattern. One particular 
white-flowered race, however, produces 
only purple-flowered offspring in the Fy 
when crossed with other white-flowered 
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races. The Fz in such crosses segregates 
purple to white in a ratio of 9:7. This start- 
ling result is easily explained. Formation 
of anthocyanin in the flowers can be 
blocked at any of several places in the se- 
quence of chemical reactions. The two 
white-flowered races in such a cross have 
different kinds of genes for white flowcrs, 
which interrupt at different places the 
chain of reactions leading to the formation 
of anthocyanin. The factor for white is, in 
each ease, recessive to its own allele for 
purple (anthocyanin). Thus any individual 
which has at least one dominant gene at 
each ef the loci involved develops antho- 
cyanin in the flowers; the 9:7 ratio is 
really a 9:3:3:1 ratio in which the 3, 3, and 
l are phenotypically alike, being homo- 
zygous recessive for one or the other or 
both of the antipigment genes. 

Inheritance of flower color in snap- 
dragons provides a more complex case of 
gene interaction. We have already noted 
that red, pink, and ivory flowers can be 
obtained among plants differing in only 
one pair of genes, and that dominance is 
subject to environmental modification. 
There are many other colors in snapdrag- 
ons, however, and a number of other gencs 
affecting color. In a group of varieties 
adapted to greenhouse culture, it was 
found that four different pairs of genes 
can interfere with the formation of the 
bright-red anthocyanin pigment. One of 
these is merely a recessive dilution gene. 
Another is a recessive gene which inhibits 
all pigment formation in the flowers; a 
third is a recessive gene which, in some 
combinations, changes anthocyanins to 
nearly colorless anthoxanthins, giving ivory 
flowers; the fourth has varying cffects ac- 
cording to the other genes present, and in 
one combination it turns the anthocyanin 
into a bright-yellow anthoxanthin. (An- 
thoxanthins are yellow or yellowish pig- 
ments chemically rather similar to antho- 
cyanins. They are also called flavones.) 
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Different combinations of these four pairs 
of genes govern the formation of white, 
ivory, yellow, bronze, pink, lavender, pur- 
ple, and red flowers. When we remember 
that another botanist working with other 
varieties of snapdragons has found nine 
different alleles at one locus affecting the 
amount and distribution of red pigment 
in the flower, we see that the inheritance 
of flower color may be very complex in- 
deed. 


LINKAGE 


Not long after the rediscovery of Men- 
del’s work, it was found that not all Men- 
delian characters show independent assort- 
ment. The first satisfactory explanation of 
these exceptions was provided in 1910 by 
the American geneticist Thomas Hunt 
Morgan (1866-1945) (Fig. 36.5). He sug- 
gested that genes which are linked in in- 
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Fig. 36.5 T. H. Morgan (1866-1945), American 
geneticist, outstanding contributor to the devel- 
opment of genetic theory. (Photo courtesy of 
Verne Grant.) 
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heritance are borne on the same chromo- 
some—the closer together the genes, the 
less chance of their being separated by the 


exchange of parts between homologous 
chromosomes at meiosis. (This exchange of 
parts, called crossing over, is discussed in 
Chapter 5). Each individual has as many 
linkage groups as pairs of chromosomes. 
In the garden pea, for example, there are 
seven pairs of chromosomes and thus seven 
linkage groups, and in any list of genes, 
the total number which can be independ- 
ently assorted in inheritance is not more 
than seven. If Mendel had studied just one 
more character, whatever it might have 
been, its governing gene would necessarily 
have been on the same chromosome as 
that governing onc of the other charac- 
ters, and thus it could not have been inde- 
pendently assorted. 

It is now possible to map the location 
of genes on chromosomes by the relative 
frequency of crossing ovcr. ‘The most thor- 


ough studies of this type have been made 
on maize and the fruit fly Drosophila me- 
lanogaster. Several hundred gene loci have 
been plotted for each of these species. The 
sequence of genes on each chromosome ap- 
pears to be strictly linear, like beads on a 
string. The development of a structural 
model of a chromosome which will inte- 
grate this fact with the other information 
available about the structure of chromo- 
somes and the mechanism of gene action 
promises to exercise the ingenuity of cyto- 
geneticists for some time to come. 


A further complicating factor is the 
position effect. Some genes have different 
effects according to what genes lie next to 
them in the chromosome. One suggested 
explanation is that although the gene se- 
quence is linear, the genes themselves are 
confluent; i.e., if successive parts of the 
chromosomes are called A, B, C, etc., parts 
A and B might be involved in one genic 
action, parts B and C in another, etc. 


CYTOPLASMIC INHERITANCE 


A few characters are known to be in- 
herited through the cytoplasm rather than 
through the nucleus. Because the egg car- 
ries so much more cytoplasm than the 
sperm, cytoplasmic characters are usually 
maternally dominated, and it is through 
this maternal effect that they are usually 
recognized. Some of the best-known cases 
of cytoplasmic inheritance involve plas- 
tids. In Primula sinensis, for example, there 
is a yellow-leaved form which contains less 
than the normal amount of chlorophyll. 
Pollen from yellow-leaved plants does not 
transmit the defect, but seeds from yellow- 
leaved plants produce yellow-leaved off- 
spring, regardless of the color of the pollen 
parent. Differences in interspecific hybrids 
produced by reciprocal crosses (using each 
species in turn as the ovule parent, the 
other being the pollen parcnt) have 
also been ascribed to cytoplasmic inheri- 
tance, and intensive experimental work 
supports this interpretation in several 
cases. 


RESULTS OF INBREEDING AND 
OUTBREEDING 


Pure LINES 


Inbreeding tends to eliminate hetero- 
zygosity. If an individual heterozygous for 
a single pair of genes is selfed, the first 
generation hybrids segregate in a 1:2:1 ra- 
tio, 14 being of each of the homozygous 
types, and % being heterozygous. If all 
these plants are again selfed, the homozy- 
gous ones, of course, produce only homo- 
zygous offspring, but the heterozygous ones 
again segregate in a 1:2:1 ratio. The pro- 
portion of heterozygous individuals is thus 
reduced by about 1⁄4 in each generation of 
inbreeding. In 10 generations, the theoreti- 
cal proportion of heterozygotes would be 
1410 or 1/1024, and in 100 generations it 


HEREDITY 739 


would be 141%, or 1/1,048,576. Theoreti- 
cally there might always remain a continu- 
ously diminishing fraction of heterozygous 
individuals, but for practical purposes, 
10 generations of inbreeding are usually 
considered enough to establish homozy- 
gosity. 

The same situation holds true no mat- 
ter how many pairs of genes are consid- 
ered: after a few generations of inbreeding, 
the individuals are homozygous for all 
charaeters, with an insignificant and dimin- 
ishing proportion of exceptions. Obviously, 
if the original individual was heterozygous 
for many genes, then many genetically dif- 
ferent individuals could be derived from it 
by selfing. Any one such line which has be- 
come essentially homozygous by selfing 1s 
called a pure line. Establishment of pure 
lines in higher animals is more difficult, be- 
cause an individual cannot be bred to itself, 
but by close inbreeding (father-daughter, 
mother-son, and brother-sister matings, 
etc.) combined with selection, lines can 
be established which are homozygous for 
many genes. The 22 varieties of peas with 
which Mendel began his experiments wcre 
pure lines, since each was naturally self- 
pollinated. Pure lines are useful or even 
essential in many genetic studies. 


DISCLOSURE OF RECESSIVE DEFECTS BY 
INBREEDING 


In any characteristically outbred popu- 
lation, many harmful or defective reccs- 
sive genes occur in low frequencies. Only 
when two individuals with the same reces- 
sive defect mate does the character have a 
chance to be expressed. Given random 
mating, the chance that both individuals 
will carry the same recessive defect is the 
square of the frequency of the gene. Thus, 
if a particular recessive defective gene 1s 
carried by 1] percent of the population, 
only 1 mating in 10,000 (100100) will 
be between parents which both carry the 
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Fig. 36.6 Hybrid segregation and crossing over in Sordaria, an ascomycete. Above, cluster 
of asci from a crushed perithecium, showing rows of ascospores, the walls of the asci not 
visible in the photograph. (X125.) Below, part of a cluster of asci. (x350). These perithecia 
resulted from mating of gray-spored and black-spored types, and difference in color 
being governed by a single gene. It should be recalled that each of the four nuclei formed 
by reduction division within the ascus divides again, mitotically, so that ordinarily eight 
spores are borne in an ascus. Some asci in these photographs show results of reduction 
division without crossing over, so that all black spores (derived from one of the two nuclei 
formed in the first division of meiosis) are at one end, and all gray spores (derived from the 
other of the two nuclei formed in the first division of meiosis) are at the other end. 
Other asci show the results of reduction division with crossing over. Reference to Fig. 5.3 


will help to explain the arrangement of spores in these asci. (Photos courtesy of Lindsay 
S. Olive.) 


defective gene, and only 1⁄4 of the offspring 
of these matings (or 1/40,000 of all off- 
spring) will be homozygous recessive. The 
elimination of recessive defects in an out- 
breeding population is thus a very slow 
process, and the defective genes accumu- 
late in the population, through continued 
mutation, until the frequency of their 
elimination by natural selection equals the 
frequency of their origin. 

If a normally outbred group is inbred, 
the number of homozygous recessives 
among the offspring is, of course, greatly 
increased, and many previously hidden de- 
fects are likely to appear. This is as true in 
plants as in animals, but its importance in 
domestic animals and man is greater than 
in plants, because of the difference in the 
number of offspring and the care given 
each. Plants generally produce large num- 
bers of seeds, and the death of a few homo- 
zygous recessive defective phenotypes 
causes no great diffculty. Comparable de- 
fective human offspring fill institutions and 
cause much mental agony as well as ex- 
pense, even without inbreeding, and there 
would be many more of these unfortunates 
if incestuous marnage were common. 

All higher animals are normally out- 
bred, but many higher plants are normally 
inbred through self-pollination, or they 
combine inbreeding with outbreeding by 
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mixtures of self- and cross-pollination. 
Seriously defective mutations in inbred 
populations are eliminated by natural se- 
lection soon after they are produced, and 
the frequency of such defects in naturally 
inbred groups is therefore very low. 


HYBRID VIGOR 


It has long been noted that hybrids 
betwecn different races of a species, or even 
between different species, are often more 
vigorous than either parent (Fig. 36.7). 
The mule, although sterile, has more en- 
durance than either a donkcy or a horse. 
The popular ornamental shrub Abelia 
grandiflora, a hybrid between A. chinensis 
and A. uniflora, is hardier and flowers 
more freely than either of its parents. Spi- 
raea vanhouttei (bridal wreath), another 
hybrid, is larger and more often cultivated 
than either of its parents. Many other such 
examples might be given. This hybrid vig- 
or, or heterosis, is often even more conspic- 
uous in crosses between different races of 
an outbreeding species, such as corn. Inter- 
varietal crosses of, characteristically in- 
breeding species, such as wheat, seldom 
show marked hybrid vigor, although there 
are a few examples. Mendel found that the 
F; hybrids between tall and dwarf varieties 
of peas averaged a little taller than the 


Fig. 36.7 Hybrid vigor in 
marigolds. The Climax mari- 
gold (center) is a hybrid be- 
tween the cultivars shown at 
left and right. All of these 
plants belong to the same 
species and have the same 
chromosome number, 2n = 
24. (Photo courtesy of the W. 
Atlee Burpee Company.) 
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homozygous tall parent, but the difference 
was too slight to permit accurate identifi- 
cation of the heterozygotes in the garden. 

Two theoretical explanations have 
been advanced for hybrid vigor, each 
backed by some experimental evidence. 
One explanation is that the hybrid simply 
gets the advantage of the better genes 
from each parent, with minor homozygous 
defects in each parent being covcred by 
dominant normal genes from the other. 
The second explanation is that hcterozy- 
gosity itsclf confers an advantage, having a 
higher survival value than either of the 
opposing homozygous types. One gene, for 
example, might help a plant to grow well 
under onc set of environmental conditions, 
while its allelie partner might help under 
some other conditions, so that the range 
of conditions under which good growth 
might occur is greater for the heterozygote 
than for either of the homozygotes. The 
relative importance of these two suggested 
mechanisms for heterosis remains to be 
determined, but present evidence empha- 
sizes the first one. If heterozygosity were 
regularly useful for its own sake, hybrid 
vigor might be expected to be common in 
normally inbred as well as normally out- 
bred groups. 


HYBRID Corn 


Corn 1s more sensitive to inbreeding 
than most crops, and it shows spectacular 
hybrid vigor. A few generations of inbreed- 
ing lead to stunted, unthrifty, pure lines 
with a very low yield of grain. Hybrids be- 
twcen two scrawny inbred types which 
differ in a numbcr of characters are often 
much larger and bear more heavily than 
the original strains from which the selec- 
tions were made. 

This discovery was made by the Ameti- 
can botanist George H. Shull (1874-1954) 
during some experiments directed toward 
understanding the inheritance of the num- 
ber of rows of kernels in the ear. Shull 
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(Fig. 36.8) immediately recognized the po- 
tential importance of his discovery, and, 
in 1908 and 1909, he suggested that such 
high-yielding F, hybrids could be used on 
farms in place of the usual varieties. The 
difficulty with Shull’s method is that the 
hybrid seed is necessarily produced on one 
of the scrawny parents, and the low yield 
makes the seed high-priced. The seed set 
in the next generation by selfing the vig- 
orous F, hybrid is not satisfactory, since it 
reverts toward homozygosity and loss of 
vigor; the plants produced from such seeds 
also diffcr greatly among themselves, hav- 
ing a wide variety of genotypes. 

Several years later another American 
botanist opened the door to successful 
commercial use of hybrid corn by replacing 
Shull’s “single-cross” method with a “dou- 
ble-cross” method (Fig. 36.9). Two dif- 
ferent Fı hybrids produced by crossing in- 
bred lines are themselves crossed. These 
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Fig. 36.8 George H. Shull (1874-1954), father of 
hybrid corn. (Photo courtesy of Mrs. George H. 
Shull.) 
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plants, being vigorous and of full size, pro- 
duce abundant seed. The offspring from 
this second cross are less uniform than 
those produced in single-cross hybrids, 
but still not so variable as ordinary open- 
pollinated varieties; and if the proper 
crosses are made, there is no significant 
loss of vigor. Practically all the field corn 
grown in the United States today is from 
double-cross hybrid seed, and there are 
hundreds of varieties, adapted to various 
climates and purposes. Sweet corn for can- 
ning or table use, in which uniformity is 
important, is often grown from single-cross 
hybrids. 

One of the first men to develop va- 
rieties of hybrid corn for regular farm use 
was Henry A. Wallace, who later became 
Vice President of the United States. 

The fantastic success of hybrid corn 
has led to the use of similar methods in 
breeding other crops and domestic animals. 
Watermelons, squashes, cucumbers, on- 
ions, and sugar beets are among the many 
crops in which hybrid vigor is being put 
to use, and hybrid chickens, pigs, and cat- 
tle are now also commonplace. 


MUTATION 


Inheritance in regular patterns, as dis- 
cussed in the foregoing pages, depends on 
the precise and regular duplication of genes 
in connection with mitosis, as well as on a 
regular pattern of meiosis and fertilization. 
Anything that disturbs these processes may 
also disturb the pattern of inheritance. 

Any inheritable change in the genetic 
material is called a mutation. In the broad 
sense the term includes such gross changes 
as addition or deletion of chromosomes, 
chromosome segments, or whole sets of 
chromosomes, as well as changes in indi- 
vidual genes; but when a geneticist speaks 
of mutation, without further qualification, 
he normally refers to gene mutation. 

Some gene mutations are actually 


losses and represent the absence of a gene. 
Others are due to faulty duplication of the 
original gene, so that the mutant gene is 
chemically different from its predecessor 
and has a different phenotypic effect. The 
mutant gene is duplicated in its new form 
for generation after generation, until it too 
suffers a mutation, after which the new 
mutant 1s in turn regularly duplicated. 

Many gene mutations with obvious 
phenotypic effects occur at the rate of 
about l or 2 per million gametes. A few 
are much commoner, and in one set of 
experiments on maize, 273 mutations af- 
fecting a particular gene locus were de- 
tected in 554,786 gametes a rate of nearly 
l in 2000. A gene at this locus affects the 
occurrence, distribution, and abundance of 
red or purple pigment in the grain and 
herbage. No less than 22 different alleles 
are known for this locus, although not all 
of them turned up in this experiment. 

Probably many gene mutations have 
such slight effects that they escape notice, 
especially when they influence characters 
governed by multiple factors. The fre- 
quency of such mutations is necessarily 
speculative, as is also their importance. 
They may well be very important in evo- 
lution. 

The rate of mutation can be increased 
by exposure to extremes of heat and cold, 
certain chemicals, and high-frequency radi- 
ation, such as X rays and the rays given 
off by radioactive elements (Fig. 36.10). 
Observations by William C. Steere and 
held collaborators in northwestern Canada 
indicate that the mutation rate in fireweed 
(Epilobium angustifolium) is much higher 
on outcrops of uranium ore than on less 
radioactive sites. High-frequency radiation 
is destructive to protoplasm in general, and 
much of its effect on mutation probably 
reflects the destruction of genes. 

Ultraviolet light is in a special cate- 
gory as a mutagenic agent. The absorp- 
tion spectrum of DNA has its peak near 
the middle of the ultraviolet range. The 
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Fig. 36.10 Mutant snapdragons obtained after 4 months of irradiation of whole plants 
with gamma rays. The mutation affecting the flower at the right evidently occurred during 
the development of the flower bud; only the cells derived from the mutated cell show the 
mutation. (Photos courtesy of A. H. Sparrow, Brookhaven National Laboratory, Upton, N.Y.) 


energy absorbed from ultraviolet light by 
DNA results in chemical and physical 
changes in the intimate details of gene 
structure. Such mutations are not mere 
losses, as are sO many mutations induced 
by X rays. Ultraviolet and cosmic rays are 
probably responsible for the increased rate 
of mutation observed at higher altitudes. 

Some chemical mutagens, such as 
mustard gas, are antimetabolites which 
directly affect DNA. The relation of some 
other chemical mutagens, such as MnCl, 
and CHO (formaldehyde), to DNA is 
dubious. 

Mutation is usually said to be at ran- 
dom, but this is true only in the sense 
that it does not seem to be directed 
toward specific goals. Mutations induced 
by extreme environmental conditions do 
not in general help the organism to with- 
stand such conditions. It is conceivable 
that a mutation induced by low tempera- 


ture might make the plant more resistant 
to cold, but a mutation making it less re- 
sistant to cold would be just as likely; the 
cause does not govern the kind of effect. 
On the other hand, some mutations at a 
particular gene locus occur oftener than 
others, and the rate in opposite directions 
is not the same. Furthermore, the fre- 
quency and kind of mutations occurring in 
some genes are influenced by other genes 
which are inherited in Mendelian fashion. 
One prominent evolutionary geneticist 
summed up this situation by saying that 
mutability, likc other characteristics of the 
organism, is under partial genetic control. 

Many mutations are obviously harm- 
ful; many others have little or no obvious 
importancc in survival; and a few are dis- 
tinctly beneficial (Fig. 36.11). Some muta- 
tions have been shown to modify the opti- 
mum or limiting environmental conditions 
for the organism and are thus beneficial 
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Fig. 36.11 Possible beneficial effect of radiation- 
induced mutations in the rust fungus Melampsora 
lini, a parasite of flax. All photos show cotyledons 
of flax seedlings inoculated with the same strain of 
the rust. Cultivar Bison (top /eft) is highly suscep- 
tible, and cultivar Dakota (top right) is immune to 
the rust, before irradiation, After the fungus has 
been subjected to irradiation it is less virulent to 
cultivar Bison (top center), but some of its mutant 
spores can now infect cultivar Dakota (bottom 
row). Each spot on a cotyledon represents a single 
infection from a single spore. The reduced viru- 
lence to cultivar Bison after irradiation is at least 
partly due to direct radiation-damage to the fun- 
gus. Spores from some of these weak pustules give 
rise to normal virulent type pustules, when re- 
inoculated onto Bison. (Photo courtesy of Erwin 
Schwinghamer, Brookhaven National Laboratory, 
Upton, N.Y.) 


or harmful according to the environment. 
In general, the greater the obvious effect 
of the mutation, the more likely it is to 
be harmful. 

Inasmuch as existing organisms neces- 
sarily have delicately balanced gehic sys- 
tems, which are more or less closely 
adapted to the environment and have had 
the chance to incorporate beneficial muta- 
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tions during ages past, it is only to be 
expected that most mutations from the 
existing type will be more or less harmful, 
and only a few beneficial. The situation 
might be compared with the results of 
turning a group of undisciplined children 
loose on an automobile. The crayon marks 
on the finish do little real harm. Rolling 
all the windows down makes the car more 
comfortable on a hot day, but less so on 
a rainy one. The broken headlight is im- 
portant only at night, and the broken 
windshield wipers will be missed only dur- 
ing rain or snow. The chewing gum, jam, 
and snags on the upholstery are deplor- 
able, but minor. The extra water in tlie 
radiator is useful, but the sugar in the 
gas tank is disastrous. 


POLYPLOIDY 


We have noted repeatedly in earlier 
chapters that the gametophyte generation 
characteristically has one full set of chrom- 
osomes, and the sporophyte has two sets. 
The gametophytic (or gametic) number is 
called the n number, and the sporophytic 
(or zygotic) number, therefore, is 2n. As 
early as 1907, it was discovered that some 
plants have more than two full sets of 
chromosomes in the sporophyte, and in 
1917 the Danish botanist Oejvind Winge 
(1886-1964) showed that, in many groups 
of plants, the chromosome numbers of 
related taxa fall into a regular pattern of 
multiples of a basic (haploid) number. 
Plants with three or more sets of chromo- 
somes in the sporophyte are now said to 
be polyploid. A polyploid may be triploid 
(three sets), tetraploid (four sets), penta- 
ploid (five sets), hexaploid (six sets), hep- 
taploid (seven sets), octoploid (eight 
sets), etc. The most common polyploids 
are tetraploids, and even-numbered poly- 
ploids, such as tetraploids and hexaploids, 
are commoner than odd-numbered ones, 
such as triploids and pentaploids. Numbers 
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Fig. 36.12 Diploid (left) and haploid (right) plants 
of evening primrose (Oenothera hookeri). Only the 
upper part of the diploid plant is shown. Haploid 
sporophytes, such as the plant shown at the right, 
are rarely observed and are characteristically 
smaller and weaker than the normal diploid. The 
seed from which this haploid plant developed was 
formed after the parent plant had been hand- 
pollinated with pollen from another species of 
Oenothera. Although the sperms from this foreign 
pollen evidently did not fertilize the egg in the 
ovule, the growth of the pollen tube may have 
stimulated the ovule to develop into a seed. (Photo 
courtesy of Adolph Hecht.) 


higher than octoploid are uncommon, but 
they do occur. 

The dual concept of the symbol n as 
representing (1) one full set of chromo- 
somes, and (2) the gametic number of 
chromosomes, thus fails in polyploids. 
After some initial confusion, it has be- 
come customary to retain the symbol n 
for the gametic number, regardless of how 
many sets are involved. The symbol x 
las been introduced to designate one full 
set of chromosomes. In most plants and 
practically all animals, n and x represent 
the same number, but in a considerable 
proportion of plants n is a multiple of x. 

Many specics, or groups of species, 
have a polyploid series of chromosome 
numbers. Thus, if x = 5, one population 
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may be diploid (2x), with 2n = 10; 
another may be tetraploid (4x), with 2n 
= 20; another may be hexaploid (6x), 
with 2n = 30; and another may be octoploid 
(8x), with 2n = 40. If only the tetraploid 
of this series were known, it would prob- 
ably be thought to be a diploid with x 
= 10, until the chromosomes were very 
carefully studied. 

Polyploidy influences both the char- 
acteristics of the individual and the ge- 
netic and evolutionary potentialities of 
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Fig. 36.13 Effect of autopolyploidy on black- 
berries. Polyploidy was induced by treatment with 
colchicine. Tetraploid above, diploid below. (Photo 
courtesy of J. W. Hull and the Maryland Agricul- 
tural Experiment Station.) 
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Fig. 36.14 Effect of autopolyploidy on black- 
berries. Polyploidy was induced by treatment with 
colchicine. Left to right, diploid, tetraploid, octo- 
ploid. (Photo courtesy of J. W. Hull and the Mary- 
land Agricultural Experiment Station.) 


the population. A very common effect on 
the individual is an increase in size of 
the cells and often an increase in the 
size and vigor of the whole plant. This is 
particularly true in newly induced poly- 
ploids (Figs. 36.13, 36.14). Natural poly- 
ploids which have existed for an indefinite 
time often closely resemble the diploids, 
and it has been thought that natural selec- 
tion may operate to restore the polyploids 
to the size of diploids. The larger size of 
the cells of polyploids is often reflected in 
a smaller number of stomates per unit area 
of the leaf, and after such a correlation 
has been established, the ploidy level of 
dried herbarium specimens, as well as liv- 
ing plants, can often be determined by 
stomate counts. 

Other direct effects of polyploidy are 
not always predictable. Annuals may turn 
into perennials. There may be subtle 
changes in physiological characters, alter- 
ing the ecological niche to which the 
plant is best suited. Polyploids are some- 
times less highly fertile than diploids, be- 
cause the pairing and segregation of 
chromosomes at meiosis do not always pro- 
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ceed normally, and some pollen grains or 
megaspores thus do not receive the proper 
complement of chromosomes. 

Polyploidy introduces a barrier to 1n- 
terbreeding, thus allowing evolutionary 
divergence to occur. A tetraploid does not 
usually breed freely with its diploid an- 
cestor. A first-generation hybrid between 
a diploid and a tetraploid will be triploid, 
with 3x chromosomes (Fig. 36.15). Mei- 
osis in triploids is irregular, and only a 
small proportion of viable pollen and 
ovules is produced. Triploids do not leave 
many offspring unless they can set seed 
apomictically or have effective means of 
vegetative reproduction. The commonly 
cultivated kinds of bananas are sterile trip- 
loids, and the small black dots near the 
middle are abortive seeds. 

Polyploidy may also break down bar- 
ners to interbreeding. Species which pro- 
duce only sterile hybrids as diploids may 
produce fertile hybrids at the tetraploid 
level. Here again meiosis is often the criti- 
cal stage. In the diploid hybrid, the 
chromosomes from the different parents 
may fail to pair at meiosis, or the pairing 
chromosomes may not be exact mates, so 
that, in either case, the resulting reduced 
cells do not receive a complete and bal- 
anced set of genes. In the tetraploid hy- 
brid, on the contrary, each chromosome 
has an exact homologue to pair with, and 
meiosis proceeds more normally. 

Delimitation of species in polyploid 
groups is often difficult, because one of the 
most important specific criteria, reproduc- 
tive isolation, is not well correlated with 
the also very important criterion of mor- 
phologic differentiation. Very similar 
plants may fail to hybridize because of 
differences in ploidy level, whereas the 
differences between otherwise well-marked 
species may be bridged by fertile polyploid 
hybrids. The blueberries (Vaccinium) of 
the eastern United States form a well- 
known polyploid complex in which the 
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identification of species is still not easy 
in spite of the careful and eompetent 
taxonomic attention they have received. 
When polyploidy is accompanied by apo- 
mixis, as it is in Rubus (blackberries and 
raspberries), Crataegus (hawthorn), An- 
tennaria, and some other groups, the difh- 
culties are again eompounded, and it is 
such groups that have usually produced 
the greatest disagreements among taxo- 
nomists. 

Sterile hybrids between species can 
become fertile through polyploidy. ‘The 
famous Kew primrose (Primula kewensis) 
was the first plant observed to do so. The 
original P. kewensis (Fig. 36.16) was a 
sterile hybrid between P. verticillata, from 





HEREDITY 749 


Fig. 36.15 Marigold hybrid 
(below) and parents. The “Af- 
rican” marigold (Tagetes 
erecta, top left, a native of 
Mexico) is diploid, 2n = 24; 
the “French” marigold (T. 
patula, top right, also a native 
of Mexico) is tetraploid, 2n 
= 48. The hybrid is triploid, 
2n = 36, and sterile. In these 
plants x = 12. In this instance 
there is no hybrid vigor, at 
least as regards the size of the 
flowers. (Photo courtesy of 
the W. Atlee Burpee Com- 


pany). 


Arabia, and P. floribunda, from the Hi- 
malayan region. It appeared as a chance 
hybrid in a greenhouse at the Kew 
Gardens in 1899 and was experimentally 
produeed again in 1900. In 1905, 1923, 
and 1926, some flowers of the hybrid set 
seed. In each instance the seedlings were 
fertile and had twice as many chromo- 
somes as the parent. These fertile tetra- 
ploids are, in effect, a new species of 
hybrid origin, interfertile among them- 
selves, but not crossing readily with either 
of the parents or the original hybrid. Many 
natural species are believed to have origi- 
nated in similar fashion by hybridization 
and polyploidy, and a few have even been 
experimentally duplicated. 
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Fig. 36.16 Primula kewensis, the sterile hybrid 
from which the fertile tetraploid can arise. (New 
York Botanical Garden photo.) 


Polyploids which originate by doub- 
ling of chromosomes of an existing species 
are called autopolyploids, or autoploids, 
and those which originate by doubling 
associated with hybridization, so that they 
include chromosome sets from more than 
one species, are called allopolyploids, or 
alloploids. The fertile derivative of Prim- 
ula kewensis is an alloploid, or, more 
precisely, an allotetraploid. Many allo- 
tetraploids behave, in effect, as diploids, 
with the full complement of chromosomes 
from each parent going to make up one 
full set in the hybrid. Allotetraploids of 
this nature are often called amphidiploids, 
or amphiploids. Among natural popula- 
tions it is often difficult to distinguish 
between autoploids and alloploids, and 
the term amphiploid is most likely to be 
used for those allotetraploids whose ori- 
gin 1s well known. 

An important evolutionary effect of 
polyploidy is to decrease the importance 
of gene mutation. If every chromosome is 
represented by several duplicates, a muta- 
tion in any one gene is not likely to have 
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much phenotypic effect, or much chance 
of being produced in homozygous condi- 
tion in future generations. The evolution- 
ary potcntialities of the group are thus 
scverely restricted, and polyploidy is con- 
sidcred to be an evolutionary blind alley, 
even though it is often highly effective 
in producing new and successful combina- 
tions of existing characters. It is the di- 
ploids which provide the continuing 
stream of evolution. 

Polyploidy originates through the sup- 
pression of meiosis, so that unreduced 
gametes are formed, or through the failure 
of anaphase migration of chromosomes 
during mitosis or meiosis, the duplicated 
chromosomes all being incorporated into 
a single nucleus. Under natural conditions 
such an occurrence 1s a mere accident, 
favored by environmental extremes such 
as low temperatures; polyploids are espe- 
cially frequent at high altitudes or lati- 
tudes. Colchicine, an alkaloid produced by 
the autumn crocus (Colchicum autumn- 
ale), inhibits spindle formation in most 
other organisms and can be applied in low 
concentrations to induce polyploidy (Fig. 
36.17). It is also a great help to botanists 
wishing to count chromosomes, because 
its interference with anaphase greatly in- 
creases the number of metaphase plates 
which can be seen in a single preparation. 


PLANT BREEDING 


Since prehistoric times, farmers have 
selected seed from the strongest, most de- 
sirable plants in a field, or they have 
selected the best seeds after harvesting. 
Over thousands of years, this selection, 
along with random crossbreeding in the 
fields, has had profound effects, so that, as 
noted in Chapter 35, it is often difficult 
to identify the wild ancestor of a crop 
plant. Selection for different purposes and 
in different regions led to the development 
of numerous varieties of each of the com- 
moner crops, but, except in self-pollinat- 





Fig. 36.17 Diploid (left) and tetraploid (right) 
snapdragons, the tetraploidy induced by colchi- 
cine. (Photo courtesy of the W. Atlee Burpee Com- 


pany.) 


ing groups, each of these varieties was 
itself usually highly heterozygous, encom- 
passing a considerable range of variability. 

The development of the science of 
genetics during the twentieth ccntury gave 
a tremendous impetus to practical plant 
breeding. Every important crop in the 
Western Hemisphere, as well as many 
minor ones, has been greatly improved by 
deliberate effort during this century. The 
northern limit of large-scale cultivation 
of wheat in Canada has been advanced 
hundreds of milcs by the creation of new 
varieties which mature a few days earlier. 

One of the most spectacularly sue- 
cessful plant breeders in America, Luther 
Burbank (1849-1926), had no formal bo- 
tanical training, although he did acquire 
a working knowledge of some genetic prin- 
ciples. His first new variety, the Burbank 
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potato, was the best in a group of 23 seed- 
lings obtained from a chance fruit of 
another variety. (In areas away from their 
natural habitat, potatoes rarely mature 
seed and are propagated vegetatively by 
tubers.) Although the Burbank potato 
has now mostly given way to even better 
varieties, it was the best variety of its time 
and was very extensively planted for more 
than half a century after its introduction 
in 1876. Later Burbank combined hybridi- 
zation with selection, and many of his 
varieties, notably the Burbank and other 
plums, are still commercially important, 
especially in California. 

Crop improvement, using more re- 
fined techniques of the same basic type 
as Burbank’s (hybridization and selec- 
tion), is now a major activity in the 
United States and many other countries. 
Agricultural experiment stations in each 
of the states, in cooperation with the U.S. 
Department of Agriculture are continu- 
ously producing new varietics of old crops, 
with higher yield, greater resistance to dis- 
ease, and other desirable qualities. The 
effects of polyploidy and hybrid vigor are 
also being exploited. Colchicine-induced 
tetraploids of some garden flowers, such 
as snapdragons (Fig. 36.17) and zinnias, 
have larger flowers than the natural di- 
ploids. The production of hybrid corn has 
been discussed earlier in this chapter. Simi- 
lar efforts at crop improvement in tropical 
countries are mostly not so far advanced, 
but recent work in the Philippine Islands 
has resulted in spectacular improvement in 
thc yield of rice, and the American plant 
breeder Norman Ernest Borlaug (1914- 

) won the Nobel Peace Prize in 1970 
for his work in developing improved kinds 
of wheat in Mexico. These and other re- 
cent improvements in tropical crops, which 
may have important consequenccs in the 
race with Malthus’ nightmare, have lcd 
agriculturists to begin to speak of a “green 
revolution” in food production. 

One of the consequences of the de- 
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velopment of improved varieties is the 
virtual disappearance of the older varieties 
of many crops. Yet these older varieties, 
which have survived the diseases and other 
environmental hazards of the past, still 
carry many genes which might profitably 
be incorporated into better varieties. The 
United States government, therefore, now 
maintains a number of farms in which the 
old varieties are carefully preserved as gene 
pools for future breeding operations. 
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MOLECULAR 
GENETICS: 


FROM GENES TO CHARACTERS 


Space-filling model of portion of DNA macromolecule. (Courtesy of Professor M. H. F. 
Wilkins, Medical Research Council, Biophysics Unit, King’s College, London.) 

















“Oh chromosomes, my chromosomes, 
We've learned to know you better. 
We know the code of DNA, 

We can translate each letter. 

Our thymine must have adenine, 
Our guanine mates with cytosine; 
Their messenger, pure RNA, 

Puts our proteins together.” 


(Sung to the tune of “Maryland, My Maryland,” on the occasion of the XI International 


Botanical Congress, in 1969; courtesy of G. L. Stebbins.) 


SOME HISTORICAL BACKGROUND 


We have noted in Chapters 3 and 36 
that the individual genes, borne on the 
chromosomes, govern most of the heredi- 
tary features of the cell, and that a critical 
constituent of chromatin (and thus of 
genes) is a class of compounds called 
DNA (deoxyribonucleic acid). Present 
knowledge, though still far from complete, 
permits a rough working picture of the 
chemical and structural nature of genes 
and how they function. This knowledge 
did not come into being overnight. Like 
other scicntific concepts, present concepts 
of molecular genetics are based on a some- 
what disorderly accumulation of informa- 
tion, punctuated by occasional brilliant 
syntheses and also by the sometimcs grad- 
ual emergence of ideas for which no one 
person or team is wholly responsible. 

A proper understanding of molecular 
genetics must begin with DNA—deoxy- 
ribonucleic acid. ‘The existence of nucleic 
acid was discovered in 1869 by a Swiss bio- 
chemist (Frederick Miescher, 1844-1895), 
who found that a persistent residue re- 
mained in cell nuclei after the protein had 
been hydrolyzed with pepsin. Neither biol- 
ogists nor biochemists were impressed with 
the significance of this discovery. Biologists 
were busy classifying organisms and debat- 
ing the significance of evolution, and bio- 
chemists were more interested in proteins. 
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Research on nucleic acids picked up a 
bit, after the turn of the century, and by 
the late 1920’s the basic chemical composi- 
tion had been worked out and it had be- 
come clear that there are indeed two groups 
of such acids. Both groups have a common 
essential structure of a series of pentose- 
sugar molecules connected to each other 
by an alternating series of phosphate (PO4) 
groups; to each sugar molecule 1s also at- 
tached one or another of several individual 
kinds of molecules that are collectively 
known as bases (Fig. 37.1). The phosphate 
and sugar groups are identical and repeti- 
tive throughout the chain, but there are 
four different kinds of bases, which may 
apparently occur in any sequence. 

In one group of nucleic acids, the pen- 
tose sugar is ribose; these are called ribose 
nucleic acids, or RNA for short. In the 
other group the pentose sugar differs from 
ribose in having one less molecule of 
oxygen; these are called deoxyribonucleic 
acids, or DNA. The bases in a DNA mole- 
cule are of four kinds, known chemically 
as adenine, guanine, cytosine, and thymine 
(Fig. 37.2). RNA also has four kinds of 
bases, three being the same as those of 
DNA, the fourth being uracil instead of 
thymine. 

DNA, the historically original nucleic 
acid, is heavily (though not exclusively) 
concentrated in the nucleus, but RNA is 
more abundant in the cytoplasm. DNA 
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Fig. 37.1 Diagrammatic structure of DNA. A, adenine; C, cytosine; G, guanine; P, phos- 
phate group; R, deoxyribose; T, thymine. 


in eukaryotes occurs in conjugation with 
proteins, notably proteins of the group 
called histones, forming what are called 
nucleoproteins. The relatively simple and 
repetitive structure of DNA contrasts 
sharply with the tremendous diversity of 
proteins. Therefore it should perhaps not 
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be surprising that even after DNA was 
found to be largely localized in the chro- 
mosomes, attention was at first concen- 
trated on the protein component of nu- 
cleoproteins as the critically important 
constituents of genes. 

By the mid-1930’s the suspicion began 
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to grow that DNA 1s the critical constitu- 
ent of genes. After nearly two decades of 
controversy, this became a virtual certainty 
by 1952, following on careful studies with 
bacteria and viruses, which have little or 
no protein associated with their nucleic 
acid. In 1953 James D. Watson and F. H. 
C. Crick brilliantly synthesized existing in- 
formation to produce a structural model of 
DNA that has now been universally ac- 
cepted as basically correct. Watson, a 
young American (1928-  ), was then a 
postdoctoral student in the laboratories of 
Francis Crick in Cambridge, England. It is 
virtually certain that the same solution 
would have occurred before long to some- 
one else, perhaps to members of a rival 
group headed by Maurice Wilkins, who 
produced much of the information used by 
Watson and Crick. The personal rivalries 
are still (1971) echoing, but Watson, 
Crick, and Wilkins shared the Nobel prize 
in 1962 for their combined work. 

Dropping back a bit, we may note 
that during the 1940’s the American biolo- 
gists George W. Beadle and E. L. Tatum 
and their associates developed the concept 
that each gene governs the formation of a 
single enzyme. As we shall see, their one 
gene—one enzyme concept must now be re- 
fined to one gene-one polypeptide strand, 
but their idea was basically correct. The 
Beadle and Tatum cxperiments, involving 
chiefly the fungus Neurospora, are men- 
tioned in Chapter 36. 


THE STRUCTURE OF DNA 


The Watson and Crick model of 
DNA (Fig. 37.3) shows it to be a double 
helix with regular cross-connections be- 
tween the two spiral members. The phos- 
phate-deoxyribose chain forms the main 
strand of each helix, and the associated 
bases form the cross-connections. 

At this point we must further con- 
sider the nature of the four bases in DNA. 





Fig. 37.3 Diagrammatic structure of DNA: The 
double helix. The spiral bands represent the Strings 
of ribose and phosphate groups. The central rod is 
inserted only to show the symmetry. 
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Thymine and cytosine belong to a group of 
bases called pyrimidines, whereas adenine 
and guanine belong to another group called 
purines. Pyrimidines consist of a hetero- 
cyclic ring of 4 carbon and 2 nitrogen 
atoms, to some of which are attached other 
atoms or radicals. Purines have a double 
ring structure, with the two rings sharing 
one common side. One of the rings is simi- 
lar to a pyrimidine ring, and the other is a 
heteroeyelic ring with 3 carbon and 2 nitro- 
gcn atoms. The cross-linkage between the 
two strands of a DNA double helix always 
involves one purine and one pyrimidine 
base. This is in part a reflection of the size 
of the two kinds of bases, with respect to 
the diameter of the helix. Two pyrimidines 
reaching toward each other from opposite 
points on their respective helices would fail 
to meet, whereas there would not be enough 
room for two purines in the same situation. 
A purine and a pyrimidine meet at just the 
right distance to permit the formation of a 
chemical bond. More than mere size is in- 
volved, however, because adenine always 
links up with thymine, and cytosine always 
links up with guanine. If one helix has 
adenine attached at a particular point, the 
opposite helix always (at least normally) 
has thymine, and vice versa; and if one 
helix has cytosine attached at a particular 
point, the opposite helix has guanine, and 
vice versa. If each of these bascs is repre- 
sented by its first letter as a convenient 
symbol, then the linkage is always A-T (or 
T-A), or G-C (or C-G). Within these 
limitations, the bases may be distributed 
along a particular helix in any sequence, 
and the same base may appear in two or 
more successive nucleotides. (A nucleotide 
is a transverse segment of a nucleic acid 
chain, consisting of a phosphate group, a 
pentose sugar, and its attached base. ) 

The two spiral strands that make up 
the double helix of DNA are so onented 
that they cannot be pulled apart laterally, 
but under proper circumstances they can 
separate by unwinding from the end. Each 


of the separate strands can then act as a 
template against which a complementary 
strand can form. If the two strands are for 
convenience designated as X and Y, then 
each X strand is a template against which 
another Y strand is formed, and each Y 
strand is a template against which another 
X strand is formed. As a result we have 
two double helices of DNA, eaeh eonsist- 
ing of an X strand and a Y strand that are 
complementary to each other. This indeed 
appears to be how DNA is replicated be- 
tween one cell division and the next, but 
it does not explain how DNA governs the 
formation of protein. 


FROM GENES TO PROTEINS 


The critical step that initiates the con- 
trol of protein formation by DNA is the 
formation of a complementary strand of 
RNA against one of the strands of DNA 
that has unwound from its double helix. 
Here, just as in DNA replication, the DNA 
strand acts as a template against which a 
complementary strand is formed, but the 
complementary ‘strand is RNA instead of 
DNA. We have noted that RNA contains 
uraeil instead of thymine. Uracil, like 
thymine, is a pyrimidine base, and like 
thymine it is complementary to the purine 
base adenine in template reactions. 

Oddly enough, it appears that only 
one member of a given double helix of 
DNA acts as a template for RNA after the 
two strands of the double helix separate. 
What determines which DNA strand will 
serve as the RNA template is at present 
wholly unknown. The fact, however, is pcr- 
fectly logical when one considers the alter- 
native. We shall see that it is the sequence 
of bases on the long strands of RNA 
formed against the DNA strands that de- 
termines the sequence of amino acids in the 
proteins subsequently formed. If every pro- 
tein-governing RNA strand were matchcd 
by another such strand governing the for- 
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mation of a different (but specifically de- 
termined) protein, then a tremendous and 
unnecessary burden would be placed on 
the metabolic system and on evolutionary 
change. No matter how useful a particular 
protein might be, its necessary analogue 
would likely be useless at best and disas- 
trous at worst. 

The many specific kinds of RNA 
formed against DNA strands in the nu- 
cleus may be grouped into three general 
types, known as messenger RNA, transfer 
RNA, and ribosomal RNA. Messenger 
RNA consists of long to very long chains, 
containing from a few hundred (seldom 
less than 300) to several thousand (some- 
times as many as 12,000) nucleotide units. 
It is the messenger RNA that directly gov- 
erns the formation of various polypeptide 
chains which associate to form proteins. 
Transfer RNA commonly consists of some 
75 to 85 nucleotide units. At this level of 
study we may consider that there are 
twenty principal kinds of transfer RNA, 
and we shall see that each of these kinds 
has an affinity for a particular one of the 
20 amino acids commonly found in pro- 
teins. 

Ribosomal RNA is made on the part 
of a chromosome which passes through the 
nucleolus. It comes in three principal gen- 
eral size elasses, with about 110, 1500, and 
3000 nucleotides, respectively. It is as- 
sembled into package units in the nucle- 
olus, but final organization of ribosomes 
(with incorporation of protein) probably 
occurs elsewhere. Aside from the fact that 
it becomes permanently associated with 
the ribosomes, the function of ribosomal 
RNA is obscure. ‘The functions of mes- 
senger RNA and transfer RNA are more 
obvious, even though some details of the 
mechanism remain obscure. 

We are now in position to give a fairly 
good dcfinition of a typical gene. It is a 
particuar segment of a DNA helix which 
governs the formation of a particular kind 
of molecule of RNA. As we shall see, it is 


4 


by governing the kinds of messenger RNA 
that the genes indirectly govern the kinds 
of polypeptide chain that are formed, and 
it is these individual polypeptide chains 
which alonc or with other such chains 
form the essential proteins of the cell. 

A more detailed account of the func- 
tion of ribosomes and RNA requires a con- 
sideration of the base sequences on RNA. 
As soon as the Watson—Crick model of 
DNA structure was accepted, it seemed 
obvious that the sequence of bases in DNA 
(and consequently in RNA) formed some 
sort of genetic code. It was easy to specu- 
late that the code would consist of triplets 
—three consecutive bases—since a smaller 
number would not provide the 20 combi- 
nations necessary to govern the 20 amino 
acids, and a larger number would be un- 
necessarily redundant. There are 64 differ- 
ent possible triplet sequences of bases, 4 
different bases being available. Using let- 
ters to represent the RNA bases, these 
sequences for messenger RNA are AAA, 
AAC, AAG, AAU, ACA, AGA, AUA, 
CAA, GAA, ACG, ACU, AGU, etc. In 
1961, much sooner than any such discovery 
had been anticipated, the American bio- 
chemist Marshall Nirenberg (1927- R 
Fig. 37.4) together with the German bio- 
chemist Heinrich Matthaei (1929- ), 
demonstrated that UUU was the codon for 
the amino acid phenylalanine. The genetic 
code was cracked, and soon wholly broken. 
Using artificial RNA of known constitu- 
tion, Nirenberg and his colleagues soon 
determined the codon for each amino acid. 
It now appears that one amino acid can be 
governed by several different codons; in- 
deed there are four codons for valine— 
GUU, GUA, GUC, and GUG. Some other 
possible codons, such as UAG, probably do 
not govern any amino acid but instead 
signal STOP, END OF LINE. 

The strand of messenger RNA that is 
produced against the DNA template may 
be roughly compared to a very long comb 
with many teeth. The row of ribose and 
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Fig. 37.4 Marshall Nirenberg (1927- 
can biochemist, who with Heinrich Matthaei 
cracked the genetic code. (Courtesy of National 
Institutes of Health.) 
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phosphate units compares to the back or 
solid part of the comb, and the attached 
bases compare to the teeth. Beginning at a 
particular end of the comb, each successive 
set of three teeth (bases) constitutes a 
signal (codon) for a particular amino acid. 

The amino acids are assembled into a 
polypeptide chain, in the sequence speci- 
fied by the messenger RNA, through the 
intervention of ribosomes and transfer 
RNA. The messenger RNA provides the 
code, the transfer RNA brings in the 
proper amino acids one at a time, and the 
ribosome mediates the attachment of these 
amino acids in a simple, progressively 
elongating chain (Fig. 37.6). 

Each ribosome consists principally or 
wholly of two nearly spherical pieces of 
unequal size (the weight ratio being about 
2:1), attached to each other so as to form 
a figure that might be compared to a com- 
pact, asymmetrical dumbbell or to an ellip- 
soid which is constricted around a trans- 
verse line somewhat away from the middle. 
Ribosomes of different organisms generally 


THe RNA CODE For PROTEINS 


alanine 


GCA GCC GCG 
arginine AGA AGG CGA 
asparagine AAC AAU 
aspartic acid GAC GAU 
cysteine UGC UGU 
glutamine CAA CAG 
glutamic acid GAA GAG 
glycine GGA GGC GGG 
histidine CAC CAU 
isoleucine AUA AUC AUU 
leucine CUA CUC CUG 
lysine AAA AAG 
methionine AUG 
phenylalanine UUC UUU 
proline CCA CCC CCG 
serine AGC AGU UCA 
threonine ACA ACC ACG 
tryptophan UGG 
tyrosine UAC UAU 
valine GUA GUC GUG 
Terminus UAA UAG UGA 


GCU 
CGC 


GGU 


CUU 


CCU 
UCC 
ACU 


GUU 


CGG CGU 


UUA UUG 


UCG UCU 





Fig. 37.5 The genetic code 
of RNA. 
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range from 125 to 280 A in diameter. 

It has been thought that the nbosomes 
in the hyaloplasm of a given cell are essen- 
tially alike, and that any one can perform 
the same function as any other. Recent 
studies on Escherichia coli, however, dis- 
close the existence of more kinds of ribo- 
somal protein than can be accommodated 
in a single nbosome. The functional sig- 
nificance of this discovery remains to be 
elucidated. Ribosomes in the chloroplasts 
and in the mitochondria of eukaryotes may 
well be distinctive in function. 

At the present time it appears that 
each molecule of transfer RNA has a com- 
plex shape suggesting a crumpled clover 
leaf. At one end it has a sort of molecular 
hook for a particular amino acid, and at 
the other end it has a triplet of bases com- 
plementary to one or another triplet on the 
messenger RNA. ‘Typically there are 20 
classes of transfer RNA, one for, each of 
the 20 usual amino acids. Some or all of 
these 20 classes of transfer RNA certainly 
have subclasses, however, reflecting the fact 


mRNA 


polypeptide 


Fig. 37.6 Diagram of func- 
tion of messenger RNA, trans- 
fer RNA, and ribosomes in 
making polypeptide strands. 


that there is more than onc way to code 
for a particular amino aeid. In the example 
of valine which we used earlier, there are 
four different messenger RNA codons, 
each complementary to its own subclass 
of valine-carrying transfer RNA. The num- 
ber of kinds of transfer RNA, based on 
their triplet code component, may ap- 
proach the theoretical limit of 64. At this 
level of study, however, we need not be 
concerned with the possible significance of 
differences within any one of the 20 gen- 
eral classes of transfer RNA. 

In protein synthesis, the smaller seg- 
ment of the nbosome attaches itself to the 
strand of messenger RNA at the proper 
initial place (at a particular end of the 
strand, in the simplest case). As so at- 
tached, it is associated with a particular 
triplet codon of the messenger RNA. A 
specific point on this smaller segment of 
the nbosome now attracts a particular kind 
of transfer RNA molecule—the kind that 
has a triplet of bases complementary to 
that of the associated messenger RNA 
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codon. It is customary and convenient to 
say that the molecule of transfer RNA is 
attached to the ribosome—messenger RNA 
complex, but this cautious statement be- 
trays a lack of knowledge of the details. It 
does seem clear, however, that the transfer 
RNA molecule attaches to a specific point 
on the smaller segment of the nbosome, 
and that its own triplet codon must com- 
plement that of the messenger RNA. ‘Thus 
a messenger ribosomal triplet GUG can 
only accept a molecule of transfer RNA 
bearing the complementary triplet CAC. A 
molecule of transfer RNA bearing the 
CAC triplet will bring with it a molecule 
of the amino acid valine. A molccule of 
transfer RNA with its attached amino acid 
has been compared with a tug towing a 
barge. 

The molecule of transfer RNA now 
gives up its attached amino acid to a spe- 
cific point on the larger segment of the 
ribosome, breaks its connection with the 
ribosome and with the messenger RNA, 
and is left free in the cytoplasm. When the 
free molecule of transfer RNA next en- 
counters a molecule of the proper amino 
acid, the two are joined together by the 
action of the proper enzyme. The trans- 
fer RNA molecule, with its attached amino 
acid, is now ready to associate with a ribo- 
some on a strand of messenger RNA at a 
point specified by the codon. 

After the molecule of transfer RNA 
has given up its amino acid to the ribo- 
some, the ribosome moves along the strand 
of messenger RNA, stopping at the next 
triplet codon. (Or one might say that the 
strand of messenger RNA moves across the 
ribosome, but the net result is the same). 
Here the ribosome again mediates the tem- 
porary attachment of the proper molecule 
of transfer RNA, as specified by the mes- 
senger codon. All of these transactions 
are of course governed by specific enzymes, 
each of which facilitates some precise chem- 
ical change. But the details of these en- 
zymic actions are still obscure and would in 


any case be beyond the scope of this text. 

The newly arrived molecule of trans- 
fer RNA gives up its amino acid to the 
ribosome in such a way that the new amino 
acid is inserted between the previous one 
and the body of the ribosome. The new 
amino acid is thus attached to the ribo- 
some at one end and to its predecessor 
amino acid at the other. The first amino 
acid is free at one end and is attached to 
the newly arrived amino acid on the other. 
After giving up its amino acid to the 
ribosome, the molecule of transfer RNA is 
freed from the messenger RNA and floats 
in the cytoplasm. It is now ready to pick 
up a new molecule of amino acid and carry 
it back to the ribosome in the manner al- 
ready descnbed. 

After receiving its second amino acid, 
the ribosome again moves along the strand 
of mcssenger RNA, stopping at the next 
codon. Another amino acid is then deliv- 
ered to it by a molecule of transfer RNA 
in the same way as before. This new amino 
acid is inserted between its predecessor and 
the ribosome, so that we now have a three- 
link chain of amino acids, the most re- 
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Fig. 37.7 seedlings. 


Ribosomes from pea 
(< 240,000.) (Electron micrograph courtesy of S. T. 
Bayley; from J. Molec. Biol. 8: Fig. 8e, following p. 
238. 1964.) 
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cently arrived one being at the ribosomal 
end of the chain, and the first-arrived one 
being at the free end. 

The nbosome continues to move along 
the strand of messenger RNA, adding the 
proper amino acid to its growing chain at 
each stop. Finally it reaches either the end 
of the messenger RNA molecule, or a 
codon (UAG, UAA, or UGA) for which 
there is no complementary transfer RNA 
molecule and which therefore specifies the 
end of the line. The nbosome then disso- 
ciates from the messenger RNA strand, 
and releases its polypeptide (amino acid) 
chain into the cytoplasm. These steps, too, 
are doubtless mediated by specific en- 
zymes. The ribosome is now ready to start 
all over again to mediate the formation of 
a new polypeptide chain, beginning at a 
proper starting point on the same or an- 
other strand of messenger RNA. 

As soon as a ribosome has moved 
along from its starting place on the strand 
of messenger RNA, so as to be physically 
and chemically out of the way, the mes- 
senger RNA strand is ready to receive an- 
other ribosome at the starting point. Dur- 
ing active protein synthesis a single strand 
of messenger RNA may thus have several 
or many ribosomes scattered along its 
length. Often the ribosomes are at any par- 
ticular moment scattered along the mes- 
senger RNA strand in loose clusters of 
about half a dozen, forming what are 
called polyribosomes. 

Once the completed polypeptide chain 
has been released from the nbosome on 
which it was formed, it may associate with 
one or more similar or different polypep- 
tide chains to form a protein molecule, or 
it may be a complete protein molecule by 
itself. In either case the protein molecule 
has a predetermined, complex, threc- 
dimensional structure resulting from the 
folding and contortion of the individual 
polypeptide chains which were assembled 
link by link in linear fashion by the 
messenger RNA-transfer RNA-nbosome 
mechanism. 
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The newly formed protein molecule 
may immediately conjugate with some 
nonproteinaceous molecule in the cell, or 
it may remain as a simple protein. In sim- 
ple or conjugated form, as the case may 
be, it generally acts as an enzyme, mediat- 
ing some particular chemical change 
among particular kinds of molecules in the 
protoplasm. 

At this point we may return briefly to 
the one gcne-one enzymc concept men- 
tioned on p. 756. Although some proteins 
consist of only a single polypeptide strand 
(i.e, a strand of linked amino acid resi- 
ducs), or of two or more strands of the 
same kind, other proteins consist of two or 
more polypeptide strands of different na- 
ture, formed on different molecules or seg- 
ments of messenger RNA. Furthermore, it 
is possible that a given kind of simple pro- 
tein may conjugate with more than one 
kind of other molecule, thus forming more 
than one kind of conjugated protein or 
enzyme. Therefore the formation of a par- 
ticular enzyme may be governed by a sin- 
gle gene, or by two or more different genes. 
The one gene—one enzyme concept must 
therefore be modified to one gene-one 
polypeptide strand. The individual poly- 
peptide strands are the last molecules in 
the metabolic process which can be specif- 
ically related to individual segments of 
DNA and thus to individual genes. 

Our discussion so far might imply that 
every gene and every strand of messenger 
RNA is as active as anv other, and for the 
same period of time. The situation is in 
fact quite otherwise. At any one time only 
certain ones of the genes in a particular 
cell are producing RNA, and different 
genes may be active at the same time in 
different cells of a multicellular organism. 
Furthermorc, different kinds of messenger 
RNA have different lengths of functional 
life. Some can govern the formation of 
only a few polypeptide strands before they 
disintegrate, whcreas others can carry on 
much longer or indefinitely, 

The mechanism that governs the time 


MOLECULAR GENETICS: FROM GENES TO CHARACTERS 763 


of activity of particular genes is not yet 
well understood. Possibly this mechanism 
may best be regarded as one of differential 
repression. Under this concept, any gene 
is potentially active whenever the proper 
RNA building blocks are present, but there 
is a repressor mechanism which turns the 
activity on and off like a light switch. It 
seems a reasonably good guess that the 
protein which is associated with the DNA 
in chromosomes has something to do with 
this regulatory activity. Presumably this 
protcin is itself formed on messcnger RNA 
templates like other proteins, so that it too 
is ultimately governed by genes. We must 
therefore visualize a complex, interacting 
system, with built-in reciprocal controls. 
Given a particular gene which governs the 
formation of a particular kind of polypep- 
tide strand, a difference in the associated 
protein, affecting the time and extent of 
activity of the gene, may be just as impor- 
tant to the organism as the substitution of 
a slightly different gene which would cause 
a slightly different kind of polypeptide 
strand to be formed. The nature of this 
associated protein would in turn be gov- 
erned by messenger RNA produced by 
some other gene or genes, so that differ- 
ences among these genes would have their 
principal effect in governing the activity of 
other genes which produce messenger RNA 
that acts in the cytoplasm. ‘There is some 
reason to suppose that a great deal of 
evolutionary change depends on changes in 
these regulatory gencs, with resultant ef- 
fects on the proportions of cytoplasmic 
constituents at different timcs, rather than 
on changes in the kinds of moleculcs sup- 
plied to the cytoplasm. 

The internal environment of the cell 
also plays a role in determining how much 
of which protcins are formed. The proteins 
can only be formed by the template 
mechanism which we have described, but 
the template in turn can only act with the 
amino acids that are provided for it. If 
there is a shortage of a particular amino 
acid in the cell, the formation of those pro- 


teins requiring that amino acid will neces- 
sarily be inhibited.. The protoplast of a 
living cell is in a highly complex state of 
multiple actions and interactions, and any 
change in any one of the chemical reac- 
tions 1s likely to have a branching and in- 
terlocking chain of consequences. The 
finest automobile motor, with its delicately 
interacting adjustments, is a simple system 
in contrast to a protoplast. 

The external environment also influ- 
ences the activity of the cell’s protein- 
forming mechanism, through its influence 
on the internal conditions in the cell. The 
action of van’t Hoffs law (relating to the 
influence of temperature on the speed of 
chemical reactions) is strongly modified by 
differences in the stability and lability of 
different enzymes at different tempera- 
tures, and therefore even a simple change 
in temperature will favor some metabolic 
actions and repress others. The rate of 
respiration, for example, may continue to 
increase at increasing temperatures which 
inhibit photosynthesis. Differences in the 
supply of mineral nutrients obtained from 
the outside environment will necessarily 
have differential effects on the rates of var- 
ious reactions within the cell. Even the 
abundance or relative scarcity of water in 
the cell can have an important effect on 
the reactions and chemical balances in it. 


FROM PROTEINS TO CHARACTERS 


At one level of study, the proteins 
formed by the DNA-RNA-ribosome mech- 
anism may be considered as the characters 
of the organism, but these are not the 


characters that must be chiefly considered 
in an organismic approach. Students of the 
whole organism must be concerned with 
its structure, form, and function. Struc- 
ture, form, and function are of course 
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eventually controlled by the interaction of 
heredity and cnvironment, but the control 
is highly complex, involving many inter- 
mediate steps and interactions. 

Most proteins are either enzymes or 
serve as necessary carriers of catalytically 
active prosthetic groups. Looked at from 
the other end, enzymes are simple or con- 
jugated proteins. The important catalyst 
chlorophyll, for example, is a prophynn 
rather than a protein, but it acts only when 
conjugated to a particular protein. ‘he en- 
zyme consists of the protein plus its at- 
tached chlorophyll (the prosthetic group). 
The sequential action of a particular set 
of enzymes is necessary for the forma- 
tion of chlorophyll; and the chlorophyll, 
once formed, can carry on its own en- 
zymatic function only when conjugated to 
the proper protein. The enzymatic action 
of chlorophyll further requires the proper 
physical and chemical milieu, plus the co- 
ordinated action of a whole set of other 
enzymes involved in the photosynthetic 
process. The same sort of complex system 
of factors governs any physiological process 
or ultimate cell product that one might 
wish to consider. 

Characters of cells or organisms, at the 
level of structure, form, and function, are 
thus seen to result from a complex series 
of interactions. Each character is influ- 
enced by a number of genes, and each gene 
influences a number of characters. In a 
strictly theoretical sense one might even 
say that every gene has at least some influ- 
ence over every character, and conversely 
that every character is influenced by every 
gene. 

It is equally true, however, that in the 
development of any character some genes 
are more important than others. Certain 
genes may govern the formation of en- 
zymes without which the character in ques- 
tion absolutely cannot develop. They gov- 
ern essential links in the biosynthetic chain 
leading from gene to character. Other 
genes may only indirectly affect the par- 


ticular biosynthetic chain under considera- 
tion. They may govern enzymes which 
through competition or interaction may 
depress or promote the activity of certain 
essential enzymes in the biosynthetic chain 
under considcration. Other genes may be 
involved only to the extent of contributing 
to the general milieu in which the particu- 
lar biosynthetic chain is constructed. 

A corollary of the biosynthetic chain 
concept is that the chain may be broken 
at any link. In simple presence or absence 
of characters (as, for example, green versus 
albino corn plants, or red versus white 
flowers), it may therefore appear that the 
character is governed by a single pair of 
genes. It is more accurate in such cases to 
speak of single gene differences. A differ- 
ence in a single gene may determine the 
presence or absence of a character, if all 
the other necessary genes are present; but 
a difference in some other gene may also 
determine the presence or absencc of the 
same character, if that is the only weak 
link in the chain. 

Another fact to be considered in con- 
nection with gene interaction is that a par- 
ticular metabolic product may have several 
different possible uses. For example, a sub- 
stance called protoporphyrin IX (Fig. 37.9) 
appears to be a necessary precursor to both 
chlorophylls and heme pigments. Anything 
which influences the series of steps leading 
to the formation of protoporphyrin IX will 
necessarily influence the formation of both 
chlorophyll] and heme. 

Individual molecules of protopor- 
phyrin IX have two principal possible 
fates. Some of them, under the influence of 
the proper enzyme, take on a magnesium 
atom, becoming Mg-protoporphyrin IX. 
Mg-protoporphyrin IX (if broadly defined) 
is apparently the precursor to all chloro- 
phylls. Other molecules of protoporphyrin 
IX take on an atom of iron, becoming Fe- 
protoporphyrin IX, the apparent precursor 
of all heme pigments. There are further 
branch points in each of these two main 
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Fig. 37.8 Diagram showing some actions and interactions in the genetic control of 
characters. (From G. Ledyard Stebbins, Processes of organic evolution, copyright 1966. 
Reprinted by permission of Prentice-Hall, Englewood Cliffs, N.J.) 


pathways for protoporphyrin IX, leading 
to the formation of the final individual 
kinds of hemes and chlorophyll. If through 
some enzymatic failure the production of 
protoporphyrin IX is prevented, then 
neither heme nor chlorophyll can be 
formed. On the other hand, if the enzyme 
governing the formation of Fe-protopor- 
phyrin IX from protoporphyrin IX fails 
to act, thcn only the production of heme 
pigments is prevented, but the chlorophylls 


can continue to be produced until the ab- 
senee of heme pigments disrupts the meta- 
bolic activity of the cell. 

In the heme-chlorophyll example here 
given, the organism would never get be- 
yond the one-celled stage in reproduction 
if it completely lacked the ability to pro- 
duce heme, because heme pigments are 
essential for respiration. It would be quite 
possible, however, to have a heme-govern- 
ing enzyme which acts only under certain 
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Fig. 37.10 Postulated routes of biosynthesis of porphyrins. (After Klein and Cronquist, 
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conditions. It might, for example, act es- 
sentially normally at temperatures up to 
20° C, but fail to act at substantially higher 
temperatures. 


THE CHEMICAL NATURE OF GENE 
MUTATIONS 


We have seen that an ordinary gene 
may now be considered to be a particular 
segment of a DNA strand which even- 
tually governs the formation of a particular 
kind of polypeptide strand. We have also 
seen that DNA is self-replicating, each 
double-helical strand producing under 
proper conditions another double helical 
strand just like itself. The fidelity of the 
chemical replication of DNA is not abso- 
lutely perfect, however. Accidents happen, 
and there are even conditions which in- 
crease the frequency of accidents in general 
(see Chapter 36) and particular genes 
which increase the frequency of particular 
sorts of accidents in other genes. 

Once an error in DNA replication has 
occurred, that error tends to be perpetuated 
in subsequent replications of the changed 
strand. The newly modified DNA has es- 
sentially the same degree of stability in its 
new form as it did before the accident; the 
likelihood (or unlikelihood) of subsequent 
accident is about the same as the likeli- 
hood of the first one. The original gene has 
mutated to produce a different gene. 

Several different sorts of accidents 
may occur in the replication of a given 
gene. The most obvious kinds are the dele- 
tion, insertion, and substitution of particu- 
lar nucleotides. Either the insertion or the 
deletion of a single nucleotide in the se- 
quence would of course upset the triplet 
code for amino acids, changing every single 
codon from the point of insertion or dele- 
tion to the end of the line. Obviously an 
insertion or deletion that was not itself 
very close to the terminus of the gene 
would cause the gene to specify a very 


different protein. Switching, for conve- 
nience, to a consideration of the strand of 
messenger RNA that would be formed 
against the gene, we can see that the in- 
sertion of a single extra A in the first codon 
might change a previous series of codons 
from AAU GUG CCC CAA GGG GAC 
to AAA UGU GCC CCA AGG GGA. 
The specified amino acids would thus be 
changed from asparagine—valine—proline 
—glutamine—glycine—aspartic acid to ly- 
sine—cysteine—alanine—proline—arginine 
—glycine. Deletion of a single nucleotide 
would have a similarly drastic effect on the 
codons. The likelihood is minimal that 
such a drastically changed protein would 
fit properly into the metabolic system of 
the cell. It might simply be a useless dud, 
or it might actively interfere with the func- 
tions of other proteins in the cell. 
Substitution of one nucleotide for an- 
other in a particular codon during replica- 
tion of the DNA would have a much 
smaller chemical effect than an insertion or 
deletion. It would merely change the 
amino acid specified by that particular 
codon, without affecting other codons. 
Some substitutions, in fact, might have no 
presently recognizable effect, because they 
would merely provide alternative ways of 
specifying the same amino acid. Thus the 
amino acid glutaminc is specified by both 
CAA and CAG on the messenger RNA 
(complementary to GTT and GTC on the 
gene governing the messenger); the sub- 
stitution of G for the final A in CAA has 
no effect, according to present informa- 
tion, on the resulting protein. Conceivably 
some subtle differences might eventually 
be found to result from different ways of 
coding for the same amino acid, but we 
can not yet suggest what they might be. 
Obviously a mutation resulting from a 
nucleotide substitution should have a bet- 
ter chance of fitting into the metabolic pat- 
tern of the cell than one resulting from 
insertion or deletion. Its possible effects 
might range all the way from complete loss 
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of function of the enzyme to no significant 
effect at all. It might merely change the 
optimum conditions for operation of the 
slightly changed enzyme, increasing the 
rate under some conditions and decreasing 
it under others, without changing the 
nature of the enzymatic action. Because of 
the natural selection of favorable muta- 
tions that have occurred in the past, the 
chances are that any particular new muta- 
tion from the standard will deerease rather 
than increase the fitness of the organism 
to its present habitat, but some few of 
them must turn out to be at least poten- 
tially beneficial. Substitution must provide 
the major share of the raw material for 
evolution. 
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Fruit of beggar ticks (Bidens), showing adaptation to seed dispersal by animals. (X20.) 
The fruit contains only a single seed. (Photo by John H. Gerard, from National Audubon 
Society.) 





The Principles of Evolution 


HISTORY 


THe Pre-DarwiniAN PERIOD 


Man’s urge to understand his şur- 
roundings—what they are and how they 
got that way—is one of the basic intel- 
lectual drives. Explanations must always, 
of course, be based, on the information 
and attitudes of the time. As information 
increases and attitudes change, explana- 
tions which once seemed adequate cease 
to remain so and must be modified or dis- 
carded in favor of newer explanations. 
Thunder and lightning are no longcr gen- 
erally regarded as the voice and weapon 
of the gods, nor crop failure as an ex- 
pression of divine wrath. 

The ancient Greek philosophers, with 
a relatively limited body of factual knowl- 
edge, and with no authoritarian doctrine 
to guide them, gave free rcign to specula- 
tion. Empedocles (fifth century B.c.) sug- 
gested that the parts of animals had 
arisen separately and spontancously from 
the earth and had asscmbled themselves 
at random into whole animals—thus ex- 
plaining why some animals look so odd. 
Aristotle (384-322 B.c.), on the other 
hand, believed that the more complex 
forms of life had evolved from simpler 
ones, though he had no clear idea of an 
activating mechanism. Although Aristotle’s 
compendia of knowledge became the 
recognized authority in Roman and medi- 
eval times, his idca of evolution was neg- 
lected, and for many hundreds of years 
men were content to believe that each 
species of plant and animal had been 
separately created, remaining unchanged 
forever after. Apparently no conflict was 
felt between this belief and the also preva- 
lent belief in spontaneous generation of 
mice, rats, fleas, flies, and other pests. 

In the eighteenth century, a few bi- 
ologists began to doubt the theory of 
special creation, and in 1802 the French 
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biologist Jean Baptiste de Lamarck (1744- 
1829) put forward the first full-fledged 
theory of evolution. The activating prin- 
ciple of evolution, as seen by Lamarck, was 
the effect of use and disuse of body parts, 
through the inheritance of acquired char- 
acters: Giraffes have long necks because 
they keep reaching up into the trees to 
browse, and a man will have brawnier 
children if he becomes a blacksmith than 
if he becomes a musician. Although La- 
marck was one of the most respected biol- 
ogists of his time, well-known for his 
taxonomic contributions in both botany 
and zoology, his theory of evolution 
aroused relatively little interest and at- 
tracted still less support, during his own 
lifetime. 

During the first half of the nineteenth 
century, the idea of organic evolution made 
little headway, but the increase in biologi- 
cal knowledge gradually prepared the way 
for its acceptance. De Candolle’s classifi- 
cation of angiosperms was essentially evo- 
lutionary, as noted in Chapter 34, al- 
though expressed in terms of a series of 
special creations involving progressive 
modifications from a basic type. In 1830- 
1833, the British geologist Charles Lyell 
set forth, in his Principles of Geology, a 
correlation of the stratigraphic position 
and relative age of rocks with the fossils 
found in them. For 300 years before that 
time, the nature of fossils had been bit- 
terly contested: they had variously been 
considered as inventions of the devil, 
freaks of nature, relics of the Flood, or 
the remains of prehistoric plants and ani- 
mals. The scientific side of this controversy 
was laid to rest by Lyell’s work, and the 
religious opposition to the recognition of 
fossils as prehistoric remains eventually 
dwindled to insignificance. 


DARWINISM 


In 183] the young English dilettante 
Charles Darwin (1809-1882) obtained the 
unsalaried post of naturalist on the cruiser 


Beagle, which was to circumnavigate the 
world principally for map-making purposes. 
Although he suffered from violent seasick- 
ness throughout the 5-year journey, Darwin 
worked hard, sending home notes and col- 
lections of botanical, zoological, and geo- 
logical specimens from the various stop- 
ping points. The thcory of special creation 
and immutability of spccies, which he had 
at first accepted in orthodox fashion, be- 
came progressively unsatisfactory to him 
during the voyage. The 6 weeks spent on 
the Galapagos Islands, 650 miles off the 
west coast of South America, was particu- 
larly disturbing to his earlier beliefs. Here 
he found a fauna of distinctly South 
American genera, but with many strictly 
endemic species. Often there was a differ- 
ent species on each island, obviously simi- 
lar to, but also obviously different from, 
the species on the other islands. He 
thought it irrational that so many very 
local species should have been created for 
such a small and desolate area, and puz- 
zling that they should consistently belong 


to South American genera. 
At the completion of his voyage, Dar- 


win, now a thoroughly dedicated biologist, 
set to working up his collections and to 
reflecting on the possible explanation for 
his observations. Inclining toward an evo- 
lutionary explanation, he keenly felt the 
lack. of a satisfactory mechanism but was 
wholly unable to accept the Lamarckian 
concepts of evolution through the effects 
of use and disuse. In search of informa- 
tion, he investigated the breeding of do- 
mestic animals, kept in touch with many 
professional breeders, and himself bred 
different races of pigeons for years. All 
this seemed to show that, under man’s 
guidance, domestic varieties fully as dis- 
tinct as natural species could be produced 
from an original form. Still Darwin lacked 
a mechanism to cause such changes in 


nature. 
Then his mind turned to Malthus 


book, An Essay on the Principle of Popula- 
tion, which had been published in 1798 
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and which Darwin had indeed read some 
years earlier. Malthus’ principal point, 
which is now (1971) receiving renewed 
and fearful attention, is that the human 
breeding potential far outstrips potential 
resources, and that the limited supply 
leads to competition for the available 
goods and a struggle for existence. Here 
was the key to: Darwin’s problem, and he 
gladly adopted Malthus’ terms competi- 
tion and struggle for existence. 

Adding to his other information Mal- 
thus’ concept of population growth, Dar- 
win (Fig. 38.1) now devcloped a new 
theory of evolution, with these salient 
points: (1) organisms of the same species 
are not all alike but differ slightly among 
themselves; furthermore, the offspring of 
a particular set of parents tend to vary 
around the average of the parents; (2) 
more individuals are produced than can 
possibly survive; (3) these individuals 
must compete with each other in a strug- 
gle for existence in order to survive; (4) 
as a result of this competition, the indi- 
viduals best-adapted to the environment 





Fig. 38.1 Charles Darwin (1809-1882), English 
naturalist, who laid the foundation of modern 
evolutionary theory. (Photo from Hunt Botanical 
Library.) 
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tend to survive (survival of the fittest); 
and (5) new species originate by this 
natural selection of the best-fitted indi- 
viduals over a period of many generations. 

Darwin now set himself to marshal- 
ing the evidence supporting his views, tak- 
ing the greatest pains to substantiate each 
point with numerous examples as well as 
argumentation. In 1858, as his projected 
book was nearing completion, he unex- 
pectedly received from Alfred Russel 
Wallace (1823-1913) a paper expressing 
these very same ideas. Wallace had devel- 
oped his theory from years of study in the 
East Indies, again with emphasis on differ- 
ences in the flora and fauna between 
islands, and again with an assist from 
Malthus. Embarrassed, Darwin presented 
Wallaces paper and a summary of his 
own evidence leading to the same con- 
clusion, to a meeting of the Linnean So- 
ciety of London. The following year, in 
1859, Darwin’s magnum opus, On the 
Origin of Species by Means of Natural 
Selection, was published. 

Darwin's theory of evolution took the 
scientific world by storm. Biologists such 
as Huxley and Hooker in England, 
Haeckel in Germany, and Gray in America, 
as well as the geologist Lyell, were almost 
immediate converts. Huxley in particular 
defended Darwinism with untiring vigor. 
Within a few years the theory of special 
ereation was abandoned by biologists, in 
favor of the theory of evolution. 

The evolutionary concept, especially 
as applied to man, aroused violent religious 
opposition, just as Galileo’s concepts about 
the movement of the earth with respect 
to the sun had done more than two 
centuries earlier. As great a Christian as 
St. Augustine had in the fourth century 
A.D. interpreted the first chapter of Gene- 
sis allegorically, to mean that God had 
bestowed on the first living thing the 
power to evolve into other forms, but 
many nineteenth-century and even twen- 
tieth-century theologians found this in- 
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terpretation unacceptable. The teaching 
of evolution was even forbidden in some 
places both in the United States and 
Europe. As recently as 1925, John Scopes 
was tried, in Tennessee’s famous “monkey 
trial,” for teaching contrary to the Bible. 
William Jennings Bryan acted as special 
prosecutor and was also called as a witness 
for the defense by Clarence Darrow, the 
defense attorney. Scopes was convicted, 
but Darrow won his case in the court of 
public opinion, and attempts to suppress 
the teaching of evolution waned rapidly 
in the United States after this episode. 


The theory of evolution provided a 
unifying principle which explained many 
otherwise puzzling facts. The fossil record, 
with its appearance of progressively more 
complex types in later rocks; the useless 
and often vestigial structures of many 
plants and animals, from the appendix 
and ear muscles of man to the micropyle 
of angiosperms and the flagella of cycad 
sperms; the South American affinities of 
the Galapagos fauna; the succession of 
stages m the growth of embryos of man 
and other animals: all these and more fell 
into place as evidence for and results of 
evolution. The time was clearly ripe, and 
had it not been for Darwin, we would now 
be honoring Wallace for the discovery— 
although acceptance of the principle might 
have come more slowly. Darwin’s exposi- 
tion was so thorough and so carefully 
documented that to the modern reader 
it may seem to belabor the obvious, but 
it was exactly this approach which led 
to its early triumph. 


Non-DarwiniAN CONCEPTS OF EVOLUTION 


The principle of evolution was ac- 
cepted, but doubts were felt from the begin- 
ning as to the adequacy of natural 
selection alonc as the mechanism. The prin- 
ciplc of survival of the fittest explains the 
selection of the most useful characters 


from among those existing, but does it 
explain the origin of new characteristics? 
The weakest part of Darwin’s theory was 
the assumption that change through selec- 
tion has no limits, because in each succes- 
sive generation the offspring vary around 
the average of the parents. The compli- 
cated and wholly speculative mechanism 
that he suggested to achieve this result 
turned out to be so wrong that it need not 
be discussed here. The Origin of Species 
was published before Mendel’s work, and 
Mendel’s results did not begin to influence 
biological thinking until 1900. 

The triumph of Darwinism, strangely 
enough, led to a revival of intcrest in La- 
marck’s concept of evolution through the 
effects of use and disuse of organs. This 
concept captured the popular imagination, 
and it still survives in nonscientific circles 
in spite of the consistently negative results 
obtained in numerous careful experiments. 

Paleontologists, dcaling with fossil 
plants and animals, and taxonomists, work- 
ing on modern groups, often discerned evo- 
lutionary trends which are not readily ex- 
plainable in terms of survival value and 
selection. From these obscrvations came 
the concept of orthogenesis—evolution pre- 
determined to proceed along certain lines, 
regardless of natural selection. ‘Uhe possible 
mechanism of orthogenesis was most ob- 
scure, but many biologists became con- 
vinced of its existence. 

The genetic studies of the early twen- 
tieth century threw even more doubt on 
natural selection as the driving force of 
evolution. It was shown that selection 1s 
ineffective, once a pure line has been es- 
tablished. Furthermore, attention was 
drawn to the major mutations which occur 
in a group of species of Oenothera (evc- 
ning primrose). Spontaneous polyploidy and 
other chromosomal irregularities whose na- 
ture was not at first recognized are unusu- 
ally common in this group, causing the 
seeming formation of different species in 
single jumps. 
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Meanwhile, the fruit fly Drosophila 
melanogaster was discovered as an ideal 
tool for genetic research. These hardy little 
creatures with 2n = 8 chromosomes breed 
like flies, producing a new generation in 
the laboratory about every two weeks. They 
require no great care and dine happily 
on overripe fruit. They display a number of 
small, but definite, diffcrences which are 
inherited in Mendelian fashion. When sub- 
jected to X rays or other mutagenic agents, 
they undergo numerous gene mutations, 
some of which are evidently the same as 
in naturally occurring mutants. From the 
studies on Drosophila came not only the 
concepts of genes, linear sequence on the 
chromosomes, linkage, and gene muta- 
tions, but also the concept of population 
genetics. 

Population genetics is the study of the 
changes in proportions of genotypes in an 
interbreeding population over a period of 
generations. In a fairly large population 
subjected to a uniform environment, the 
effects of seleetion are very evident. Many 
small characters of no obvious importance 
to the organism increase progressively (by 
differential reproduction or survival) under 
one set of conditions and decrease progres- 
sively under another set. Clearly, these 
seemingly insignificant characters do have 
significance in survival, either directly or 
through other unrecognized effects of the 
genes which govern them. Such - studies 
have strongly bolstered the selectionist in- 
terpretation of evolution. 

The accidents of survival become pro- 
gressively more important in small popula- 
tions. The proportions of a particular gene 
fluctuate rather widely in successive gen- 
erations when the population consists of 
only a few individuals, and a gene may 
reach 100 percent frequency—or con- 
versely may be entirely lost—regardless of 
its survival value, as long as it is not too 
strongly deleterious. 
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By the mid-1930’s a neo-Darwinian in- 
terpretation of evolution emerged, with 
gene mutation as the principal source of 
variation, and natural selection, tempered 
by genetic drift in small populations, as 
the directing force. Neo-Darwinism pro- 
vides adequately for the degeneration of 
unused structures as well as for the growth 
and elaboration of useful ones, thus un- 
dercutting the Lamarckian ideas of in- 
heritance of acquired characters. In the 
neo-Darwinian view, unused structures de- 
teriorate because of the accumulation of loss 
mutations. We have seen that most muta- 
tions are harmful rather than beneficial, 
and it is only the continuous pressure of 
natural selection that weeds out the de- 
fective mutants. Because each gene com- 
monly has a number of phenotypic effects, 
a mutation adversely affecting a particular 
organ might even be beneficial in other 
respects. 

Neo-Darwinism so clearly provides a 
satisfactory explanation for so much of or- 
ganic evolution that one is tempted to con- 
sider it the sole explanation; and many 
modern students of evolution take exactly 
this view. Experiments with fruit flies and 
other organisms have shown that a charac- 
ter may have hidden significance in sur- 
vival, either directly or through some other 
effect of the gene governing it; therefore, 
it 1s assumed that all evolutionary trends 
are based on survival value. Many ingen- 
lous and ingenuous explanations of hid- 


den survival value have been advanced to 
explain evolutionary developments whose 
relation to natural selection is obscure. 
Not all biologists accept neo-Darwin- 
ism as the sole explanation of organic evo- 
lution. Many taxonomists, especially those 
dealing with angiosperms, observe appar- 
ent evolutionary trends which are not 
easily explained in terms of survival value, 
and they reject the strained explanations 
which have been proposed. To this group 
of biologists, in particular, the concept of 
orthogenesis (see p. 773) retains its attrac- 


tion. Renewed interest in the possibility of 
orthogenesis has also come recently from 
certain molecular biologists interested in 
the structure of cytochrome c in various 
groups of organisms. Some of the con- 
sistent differenees between taxonomic 
groups in the amino-acid composition of 
cytochrome c have no functional signifi- 
cance of any sort, so far as present informa- 
tion shows. 

A genetic mechanism for orthogenesis 
has been suggested but remains to be dem- 
onstrated. The hypothesis starts with an 
emphasis on the genetic influence on mu- 
tation, an influence which tends to be 
pushed out of our minds because of the 
widely used term random mutation. We 
have already noted that mutations are at 
random only in a restricted sense of the 
term, and that mutability is indeed under 
partial genetic control. It is then postu- 
lated that any chemical process by which 
mutation-directing genes could operate 
would affect a number of gene loci and 
even cause progressive series of mutations 
at individual loci. Thus the mutation pres- 
sure might, in many cases, outweigh the 
effeets of natural selection, especially since 
much speciation (origin of new species) is 
generally believed to occur in small popula- 
tions, in which even mildly harmful genes 
might be fixed by genctic drift. The hy- 
pothesis requires the further assumption, if 
orthogenesis is to have any great evolution- 
ary importance, that a progressive series of 
mutations, in a chemical sense, would have 
a progressive phenotypic effect. Some mul- 
tiple loci do obviously have an additive 
effect, as noted in Chapter 36, but any 
such correlation for progressive chemical 
substitutions at a single locus remains to 
be demonstrated. The whole concept of 
orthogenesis is still not in favor with most 
evolutionary theorists, but the objection 
seems to be more to the term orthogenesis, 
because of its aura of mystic vitalism, than 
to the postulated meehanism. A new term 
may be necessary to refer to the process as 
visualized in the foregoing paragraph. 


SOME CURRENT CONCEPTS 


ORIGIN oF New STRUCTURES 


One of the aphorisms of evolutionary 
theory is that organs do not arise function- 
less. New structures arise by modification 
of pre-existing structures, rather than by 
starting as useless bumps which acquire a 
function thereafter. Some function must 
be retained throughout the evolutionary 
process, although the funetion, just as the 
structure, may be gradually modified. Thus, 
petals may be modified stamens, or modi- 
fied sepals, but they do not originate 
(phyletically) as useless bumps. Sepals are 
modified leaves, and stamens are modified 
microsporophylls, which are modified leaves. 
Leaves are modified stems, stems arc modi- 
fied parts of a thallus, and a thallus is a 
modified cell colony. Guard cells are modi- 
fied epidermal cells, and epidermis is modi- 
fied parenchyma. 


RECAPITULATION 


An important evolutionary principle 
that has emerged from embryological and 
other studies is that ontogeny (1.e., the de- 
velopmental history of the individual) is 
a recapitulation of phylogeny (1.e., the evo- 
lutionary history of the group). This prin- 
ciple has more numerous and more obvious 
applications in mammals than in plants. 
The human fetus, for example, has a tail 
throughout much of its period of develop- 
ment; at a fairly early stage it has gill slits, 
which eventually become the eustachian 
tubes connecting the ears to the throat; 
later it briefly acquires a fairly dense coat- 
ing of hair, which usually disappears before 
birth. The fact that in sexual reproduction 
each individual starts its life as a single 
cell recalls the unicellular ancestry of all 
multicellular organisms. Dodder (Cuscuta, 
Fig. 1.4),a parasitic plant, has no connection 
with the ground at maturity, but the seed 
germinates on the ground in the usual 
way, and the basal parts deteriorate only 
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after the twining stems have developed 
haustoria attaching them to the host. 

The principle that ontogeny is a re- 
capitulation of phylogeny should not be 
taken too literally, however. It is more 
nearly another aphorism expressing the 
fact that ancestral characters frequently 
persist in the developmental stages, so that 
the ontogeny often gives strong suggestions 
as to the phylogeny. Thus it is probably 
significant that angiosperms with com- 
pound leaves generally produce a few sim- 
ple leaves in the seedling stage before pro- 
ducing leaves of the mature type. | 

The reason that ancestral features are 
likely to be expressed in the juvenile stages 
is fairly clear. Any organism necessarily has 
a complex genic balance more or less in 
harmony with the environment. The 
greater the phenotypic effect of a muta- 
tion, the more likely it is to disturb this 
balance and be eliminated by natural se- 
lection. A gradual evolutionary change has 
much more chance of remaining in har- 
mony with the environment than an abrupt 
one. The later in ontogeny a mutation ex- 
erts its phenotypic effect, the less total ef- 
fect it is likely to have, and the less likeli- 
hood there is that any possible beneficial] 
effect will be outweighed by some harmful 
cffect. ‘Thus the early ontogenetic stages of 
an organ are the least likely to be affected 
by evolutionary change, and these early 
stages, therefore, provide evidence as to the 
ancestral condition. 


SPECIFIC AND INFRASPECIFIC 
DIFFERENTIATION 


Tue ROLE or ISOLATION 


Most speciation probably takes place 
in small populations which are more or less 
isolated and thus have a chance to change 
without being swamped by a larger popula- 
tion with which they are interfertile. Cli- 
matic and geologic changes are constantly 
altering the size and outline of the area to 
which each species is adapted, isolating 
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small populations in favorable locations 
separated from the remainder of their spe- 
cies. Many such local populations die out 
as the environmental conditions for them 
deteriorate; others are reunited with the 
main population of their species as condi- 
tions become more favorable again and the 
intervening area is reoccupied. A few such 
small populations, under pressure of se- 
lection and affected also by chance fixa- 
tion of some previously uncommon genes, 
change so much that they retain their dis- 
tinctness even when brought back into 
contact with the parent spccies. These 
have become new species. 

The amount and stability of the dif- 
ferences arising under isolation vary ac- 
cording to the circumstances. Morphologic 
and physiologic differentiation tend to go 
along hand in hand with the development 
of barriers to interbreeding with the origi- 
nal population, but any one of thcse types 
of difference may fall behind or get ahead 
of the others. ‘Thus an isolated small popu- 
lation may become morphologically and 
physiologically distinguishable from the 
parent population, without developing any 
internal barrier to crossbreeding with it, so 
that the two breed together freely when 
brought together in the gardcn or when 
natural contact is re-established. A barrier 
to interbreeding may likewise develop 
without much other change, or morpho- 
logic differences and reproductive isolation 
may develop without much physiologic 
change, or the population may remain 
morphologically almost unchanged after 
physiologic changes and reproductive iso- 
lation have been established. There is 
necessarily some room for difference of 
Gpinion as to whether such partially dif- 
ferentiated types should, in a given in- 
stance, be regarded as separate spccics, 
subspecies, or varieties, or be denied any 
taxonomic recognition at all. 

As one of these small populations un- 
dergoes change, the area and habitats avail- 
able for its exploitation also change, and it 
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may be able to increase its geographie area. 
If this increase brings it back into contact 
with the parent population, the two may 
or may not interbreed freely, depending 
on the physical chance for transfer of pol- 
len, the presence of internal barriers to suc- 
cessful development of hybrid seeds, the 
vigor of the hybrids, etc. If relatively free 
interbreeding is re-established, then the 
two populations may merge completely, or 
they may retain their individuality, occu- 
pying different habitats or different gco- 
graphic areas and hybridizing along the 
zones of contact. 

If the new population is unable to in- 
terbreed with the parent one, then its cx- 
pansion of area will be unaffected by the 
parent species, except possibly through 
competition for the same habitat. The 
new species may then go on to develop its 
own series of geographic and ecologic 
races, 1f conditions favor it. 

If a continuous large population is di- 
vided into two large populations (in simi- 
lar hahitats) by destruction of the geo- 
graphically connecting part, the two do 
not usually diverge very rapidly. About the 
same kind and number of mutations will 
occur in each, and if the environmental 
conditions are similar, the effect of selec- 
tion is about the same in each. Therefore, 
although both populations may gradually 
change, the changes are rather similar, and 
divergence is slow. Thus the deciduous 
forests of the southern Appalachian region 
of the United States contain a number of 
species so very similar to species from 
eastern Asia that it is hard to decide 
whether we have two closely related spe- 
cles or a single species with two geographi- 
cally isolated segments. Yet the two popu- 
lations have been separated in each case for 
at least half a million years, since the 
breakup of the Arcto-Tertiary forest at 
the beginning of the Pleistocene glacia- 
tion. 

The southern Appalachian and Ozark 
regions of the United States also show 


many closely related species-pairs, or va- 
rieties of one species. These two areas, with 
somewhat similar climate and topography, 
have been continuously available for land- 
plant habitation since the Cretaceous pe- 
riod, in contrast to the glaciated area to the 
north and the coastal plain (with its 
Mississippi embayment) to the south and 
between. 


Eco.Locic INFLUENCES 


At the margins of its geographic range 
and ecologic tolerance, a species is sub- 
jected to the most evolutionary pressure. 
if the proper mutations occur, it may be 
enabled to occupy new territory, showing 
a gradual change with the geography and 
habitat. 

Sometimes the two geographic ends of 
an essentially continuous population may 
be as different as two species. A well-known 
example is provided by the frog Rana pi- 
piens, which occurs throughout most of the 
United States. The Maine and Florida seg- 
ments of the population are morphologi- 
cally distinguishable and interstenle. If 
only these two parts of the population ex- 
isted, they would be called distinct species, 
but the changc along the coast from north 
to south is so gradual that the whole popu- 
lation is necessarily treated as a single spe- 
cies. ‘Thus we see a possibility that species 
can arise by extinction of intermediate 
forms connecting the differentiated ends 
of a population. A metaphorical compari- 
son might be made to the reproduction by 
death and fragmentation which occurs in 
thalloid liverworts such as Marchantia. 

Species with a wide geographic range 
or ecologic tolerance usually have many 
different genotypes and often show rec- 
ognizable races correlated with the habi- 
tat. Thus Solidago canadensis, a common 
goldenrod, has one variety in the New 
England region and adjacent Canada, an- 
other in the deciduous forest region of the 
eastern United States, a third on the Great 
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Plains, a fourth in the western cordillera, 
and a fifth along the coast of British Co- 
lumbia and southern Alaska. Each of these 
varieties is adapted to the climate of its 
own region and differs from the other va- 
rieties in minor morphological characters; 
but no sharp lines can be drawn among 
them. Such ecologically differentiated races 
within a species are often called ecotypes. 
A species may have different ecotypes on 
different soils or at different altitudes in 
the same region, as well as in different 
geographic regions. 

An important factor in the develop- 
ment of evolutionary diversity is the exist- 
ence of habitats available for exploitation. 
Some plant communities may be so per- 
fectly adjusted to the environment that 
there is little or no room for an invader; 
each ecological niche and subniche is com- 
pletely occupied by its own set of species, 
which repulse any less well-adapted im- 
migrants. Climatic and geologic changes 
do continue to disturb the balance between 
the vegetation and the environment, how- 
ever, and, if these changes occur rapidly 
enough, some habitats may be left tem- 
porarily unfilled, or they will be filled by 
species so poorly adapted to them as to 
allow invasion by outsiders. 

Any such unfilled or imperfectly filled 
niche 1s a powerful stimulus to evolution- 
ary change. When the vegetation is in 
harmony with the environment, almost any 
significant mutation will probably be 
harmful, but when some habitats are not 
properly filled, some of the newly produced 
mutants may be able to occupy them. An 
extreme example is provided by oceanic is- 
lands, such as the Galapagos and Hawaiian 
Islands. When such islands first arise from 
the sea, all habitats are open. Sooner or 
later a few kinds of plants and animals ac- 
cidentally reach them. Competition is at 
a minimum, and genotypes which would 
otherwise be eliminated have a chance to 
survive in one or another of the unfilled 
habitats. There is thus an evolutionary ex- 
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plosion to occupy the available habitats, 
and new species may perhaps arise even 
without initial geographic or reproductive 
isolation. 

The competitive factors mentioned in 
the preceding paragraphs have been sum- 
marized into a principle of competitive 
exclusion, usually stated at the specific 
level (“in equilibrium communities no two 
species occupy the same niche”). Recent 
concepts about vertebrate taxonomy are 
permeated by the application of this same 
thought to higher taxa, and vertebrate 
taxonomists are accustomed to seeing a 
fairly good correlation between taxonomic 
groups and ecologic niches or adaptive 
zones. The tightly integrated morphologic- 
physiologic system of an animal is closcly 
bound to the way the animal makes its 
living—what it eats, how it gets what it 
eats, and how it keeps from being eaten. 
It is these correlations that permit verte- 
brate paleontologists to reconstruct whole 
animals (in concept) from a few miscel- 
laneous bones. Any deviation from the 
standard pattern for a group is likely to 
decrease the competitive ability of the de- 
viate within its own group, or to throw it 
into competition with a better adapted 
group in some other niche. 

Similar correlations exist in plants, as 
we have seen, but they tend to be less 
stringent and less pervasive. The adoption 
of a particular way of life by a plant group 
does not necessanly use up and foreclose 
that way for something else. The mangrove 
habit does show competitive exclusion, but 
wind pollination by Pinus does not inter- 
fere with wind pollination by Salix, and 
animal transport of Bidens fruits does not 
interfere with animal transport of Des- 
modium fruits. Since multicellular plants 
do not move about from place to place, 
they are also more tolerant of casual varia- 
tion in structure than are animals. The net 
result of this dilution of the competitive 
exclusion principle is that each of the obvi- 
ous niches for land plants is occupied by 


species representing diverse families and 
orders, and there are many individual fam- 
ilies and even genera that have species 
adapted to widely differing ecologic niches. 


DISTURBANCE, HYBRIDIZATION, AND 
POLYPLOIDY 


Man’s activities also influence evolu- 
tion. Man disturbs the habitat, upsetting 
ecological balances, and, in effect, creating 
new ecological niches for exploitation. 
Many European weeds are known only 
around human habitations and can con- 
tinue to exist only under the disturbed 
conditions created by man. Some of these 
species have certainly originated by modi- 
fication from species which continue to 
exist in less disturbed habitats. 

One of the effects of man’s disturb- 
anee is to increase the opportunity for 
hybridization between previously distinct 
species. The newly opened habitat may be 
invaded by species which formerly did not 
grow together, and the hybrids, which un- 
der natural conditions would have been 
quickly eliminated even if formcd, may 
find suitable conditions for survival and 
reproduction. These hybrids may then 
breed with themselves or with either of 
the original parents, and genes of one spe- 
cles may thus be introduced into another 
species by this mtrogression, or introgres- 
sive hybridization. 

The retreat of the glaciers after the 
height of the most recent glaciation (some 
11,000 years ago) also provided ample op- 
portunity for introgressive hybridization 
and rapid evolution on the areas laid bare. 
Species which are quite distinct south of 
the glacial boundary are sometimes diffi- 
cult to distinguish north of tt. 

Hybridization sometimes leads to the 
origin of new species. This is especially true 
when the hybrid undergoes chance doub- 
ling of chromosomes (alloploidy); new 
species may then originate in a single 
jump, as described in Chapter 36. This 


type of speciation has evidently occurred 
repeatedly in nature, and several instances 
have occurred during the present century. 
Just as obviously, alloploidy cannot be the 
usual method of speciation; there is a limit 
to the number of chromosomes that can 
effectively inhabit a single cell. Origin of 
species by hybridization is most likely to 
occur under disturbed conditions in which 
some habitats are not adequately filled, or 
in dry areas where the soil is not com- 
pletely covered by vegetation. Some of 
the hybrids or hybrid segregates may then 
turn out to be better adapted to the sur- 
roundings than either of the parents. 
Simple doubling of chromosomes 
within a species (autoploidy) may also 
lead to speciation. Polyploidy acts as an 
isolating mechanism, setting the polyploid 
individuals off from their diploid progeni- 
tors as a small population which can un- 
dergo further change without the drag of 
backcrossing to the original larger popula- 
tion. Whether a newly produced autoploid 
does actually evolve into a new species de- 
pends on future events, It may do so, or it 
may remain so much like the diploid that 
taxonomic segrcgation is impractical. 


The Evolutionary History of Plants 


PRIMITIVE LIFE 


The time and manner of the origin 
of life on earth are still matters of specula- 
tion, but the available evidence favors 
some lines of speculation over others. The 
most reasonable supposition is that organic 
matter was first formed early in the earth’s 
history by happenstance chemical reac- 
tions promoted by ultraviolet light and 
taking place in the as yet fresh (not salty) 
water of the sea. Evidence from physical 
as well as biological sources strongly sug- 
gests that the primitive atmosphere of the 
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earth had little if any free oxygen and per- 
mitted relatively free passage of ultraviolet 
rays, which are now largely screened out 
by the upper atmosphere. Amino acids and 
other organic compounds are formed from 
simple inorganic substances when the prob- 
able conditions of the primitive earth are 
expcrimentally duplicated. 

It is thought that the organic mole- 
cules very gradually accumulated, and re- 
actions among them led to the formation 
of larger molecules. Electrochemical at- 
tractions might reasonably -be expected to 
have held some of these molecules together 
as colloidal particles. When such an ag- 
gregation came to include the proper 
chemical compounds to promote the for- 
mation of more molecules of the same 
type, the first organism came into being. 
Increase in the number of such primitive 
organisms may have occurred simply by 
failure of the mass to hold together as its 
volume increased. 

Under this concept, the first organ- 
isms were heterotrophic, depending for 
their nutrition on organic compounds al- 
ready in existence. As’ more and more of 
the previously formed organic molecules 
were incorporated into the molecule sys- 
tems which represented the first organisms, 
a premium must have been placed on the 
ability to use less and less complex sub- 
stances as raw materials, and finally on the 
ability to tap some new source of energy. 

If the primitive atmosphere containcd 
relatively little free oxygen, the primitive 
organisms must have been anaerobic. Any 
new source of energy, thercfore, probably 
would not involve free oxygen and thus 
would not resemble the chemosynthetic 
processes now carried on by the iron bac- 
teria and some of the sulfur bacteria. ‘The 
first new source of energy may well have 
been the anaerobie manipulation of sulfur, 
in a way similar to that now carried on by 
Desulfovibrio. Development of a primitive, 
anaerobic cytochrome system of respiratory 
enzymes, comparable to that now seen in 
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Desulfovibrio, probably accompanied or 
precedcd this step. ‘The DNA-RNA system 
for transmission of hereditary information 
must also have developed very early. 
Another major step in evolutionary 
progress was the development of primitive, 
anaerobic photosynthesis (System I), with 
the first chlorophyll originating from cyto- 
chrome by substitution of magnesium for 
iron in the center of the porphyrin ring. 
These first photosynthetic organisms prob- 
ably used sulfur in the photosynthetic 
process, much as some of the bactena do 
today. The development of chlorophyll, 
cytochrome, and the DNA-RNA system 
thus all occurred within the bacteria, pre- 
sumably at least 3 billion years ago. 


ALGAE 


INTRODUCTION 


The origin of System IT photosynthe- 
sis was another major evolutionary ad- 
vance, which marks (by definition) the 
origin of the algae. System II, coupled 
onto the ancestral System I, uses water as a 
source of hydrogen, and releases oxygen as 
a by-product. According to a now widely 
accepted view, it was not until a consider- 
able supply of atmospheric oxygen had 
been built up by the newer type of photo- 
synthesis that aerobic respiration, using a 
new and more efficient form of cytochrome, 
became possible. 


BLUE-GREEN ALGAE 


The blue-green algae (Cyanophyceac) 
are an carly offshoot from the main line of 
photosynthetic organisms, before a highly 
organized nucleus had been developed. 
The accessory pigments of the Cyano- 
phyceae always include one or two phyco- 
bilins, and there is some current speculation 
that phycobilins were the first important 
accessory pigments for System II. Accord- 
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ing to this line of thought, the presence of 
phycobilins in the red algae, cryptomonads, 
and a scattering of other algae reflects the 
persistence of the primitive system. Pre- 
cambrian algal fossils are difficult to inter- 
pret, but current speculation places the 
origin of the blue-green algae at 2 to 3 
billion years ago. 


EUKARYOTES 


Onc of the most important distinc- 
tions among the kinds of organisms is that 
between the prokaryotes (bacteria and 
blue-green algae) and eukaryotes (all other 
organisms). The origin of the eukaryotic 
condition is still highly controversial, but 
there is no question that it represents a 
much more complex organization than the 
ancestral prokarvotic type. 

Perhaps the most generally accepted 
view is that the eukaryotic condition origi- 
nated by gradually increasing complexity 
of organization of the protoplast, and that 
the double membrane was the critically 
important feature in the packaging of por- 
tions of the protoplast into distinctive 
organelles. The origin of the double mem- 
brane itself remains obscure, but once 
evolved it was used to enclose the nucleus, 
the plastids, and the mitochondria, and it 
became the essential part of the endo- 
plasmic reticulum and of the Golgi plate- 
lets. It may or may not be significant that 
the photosynthetic thylakoids, which can 
be traced as far back as the blue-green 
algae, are themselves reminiscent of a 
double membrane in form. 

An opposing view is that some or all 
of the essential eukaryotic organelles in the 
cytoplasm are endosymbionts—other uni- 
cellular organisms which have been en- 
gulfed and have then taken up residence in 
the host cell and developed a symbiotic re- 
lationship with it. Mitochondria, plastids, 
blepharoplasts, and even peroxisomes have 
by various biologists been suggested to be 
endosymbionts, although seldom all at 


once as part of a comprehensive scheme. 
Under the endosymbiont hypothesis the 
double membrane is considered to result 
from pinocytosis: The inner membrane 
around the organelle is its original plasma 
membrane, and the outer one is the plasma 
membrane of the engulfing host cell. The 
presence of DNA in chloroplasts and mito- 
chondria is frequently cited as evidence for 
their endosymbiotic origin, under the as- 
sumption that DNA must (in eukaryotes) 
always be nuclear. 

The problem with the endosymbiotic 
hypothesis is that if it is applicable to one 
of the organelles for which it is proposed, 
it would seem to be equally applicable to 
others. One must then visualize an ances- 
tral, presymbiotic host cell with a nucleus 
but lacking organized respiratory, photo- 
synthetic, peroxidative and blepharoplast 
particles, which conveniently found a set 
of available endosymbionts each with just 
one of the necessary functions well devel- 
oped. How either the potential host cell or 
the potential endosymbionts managed to 
live at all in the presymbiotic stage would 
seem to be a difficult question, which has 
not been adequately explorcd by propo- 
nents of the endosymbiont hypothesis. Put 
in such terms, the hypothesis has its throat 
cut by Occam’s Razor. Opponents of the 
endosymbiotic hypothesis see no problem 
in the presence of DNA in cytoplasmic 
organelles. ‘The DNA of blue-green algac is 
largely concentrated in the central body, 
but some of it is scattered out among the 
photosynthetic thylakoids. If a membrane 
were put around a set of thylakoids, the 
resulting chloroplast would have some 
DNA in it. 


Rep ALGAE 


The red algae (Rhodophyta) are obvi- 
ously related to the blue-green algae, differ- 
ing most notably in being eukaryotic rather 
than prokaryotic. Some of thc common 
features of red and blue-green algae are 
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noted in Chapter 15. There has been some 
qucstion as to whether the red algae may. 
have originated directly from the blue- 
green algae, separately from the other 
eukaryotes, but most students of algal 
phylogeny find it difficult to envision the 
origin of the eukaryotic condition twice. 
Perhaps the more generally accepted view 
is that the eukaryotes all have a common 
origin in primitive algae something like the 
modern blue-greens, and that the red algae 
are a very early offshoot from the main 
line of eukaryotes. This view does not avoid 
all difficulties; it provides no Anlage for the 
eukaryotic flagellum. The apparent ab- 
sence of centrioles and blepharoplasts, as 
well as flagella, from the red algae suggests 
that they may not have a flagellated an- 
cestry. The flagella of other eukaryotic 
algae, on the other hand, might be thought 
to represent an organized cluster of bac- 
terial flagella, and the blepharoplast might 
be thought to be a compound bacterial 
basal body. There is at present no compre- 
hensive hypothesis that takes care of all 
these difficulties. 

Within the Rhodophyta, the Florid- 
eophyceae are obviously more advanced 
than the Bangiophyceae. The difference 
between the two classes looms even more 
significant than in the past, now that 
Nemalion has been found to have a com- 
plex life cycle much like that of many 
other Florideophyceae. The Bangiophyceae 
seem to be the only possible ancestors for 
the Florideophyceae, but algologists are 
less confident about the connection now 
than they were a few years ago. 

The Bangiophyceae must have origi- 
nated well before the Cambrian period, 
possibly in fresh watcr, cither inland or 
perhaps. while the ocean still had relatively 
little salt. The modern Bangiophycean 
genus Asterocytis, which occurs in fresh 
water, recalls the blue-green algae in the 
simple structure of the filament, in having 
a blue-green chloroplast, and in lacking 
sexual reproduction and lacking a vacuole 
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Still, Asterocytis is distinctly eukaryotic; it 
does not bridge the gap between prokaryo- 
tes and eukaryotes. 

The Florideophyceae probably devel- 
oped by or before the Ordovician period, 
as judged by the fossils. By Triassic time, 
if not before, the Florideophyceae had 
probably come to dominate the offshore 
flora of the warmer parts of the ocean, as 
they continue to do today. 


FLAGELLATED GROUPS 


We have noted in Chapter 10 that 
flagella in all flagellated organisms except 
bacteria have the same basic structure, 
with generally nine peripheral strands sur- 
rounding a two-strand core. Bacteria, on 
the contrary, characteristically have flagella 
consisting of single strands, although there 
are some species with clustered flagclla and 
a compound basal body. 

It is still debatable whether the 
cukaryotic flagellum originated from a clus- 
ter of bacterial flagella, or whether the two 
types of flagella are phyletically unrelated. 
In any case, the presence of the compound 
flagellum seems to be a primitive character 
in all eukaryotes except the red algae; non- 
flagellated eukaryotes, other than red algae, 
have a flagellated ancestry. We have noted 
in Chapter 10 the distinction between the 
whiplash and the two types of tinsel fla- 
gella. The tinsel flagellum is a more effec- 
tive locomotor organ then the whiplash 
flagellum, which is presumably the ances- 
tral type. 

An evolutionary pattern for the algal 
flagellates that fits most of the available 
evidence would be as follows: Chloro- 
phycean flagellates, such as Chlamydomo- 
nas, with all flagella of the whiplash type, 
and with a single, large, cup-shaped chloro- 
plast that occupies most of the protoplast, 
are the most primitive group. A more com- 
pact organization of the chloroplast(s) to 
occupy a smaller part of the protoplast was 
an early advance. The development of a 
row of appendages on the flagellum, con- 
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vetting it into a more effective swimming 
organ, may have occurred in only one 
group. The euglenoids diverged from this 
group while the appendages were restricted 
to a single row, and before any significant 
change in the pigmentation had occurred. 
The gullet of the euglenoids is foreshad- 
owed by the apical indentation around the 
flagella of a few green algae. 

The next significant step in the evolu- 
tion of the remaining group may have been 
a shift in the proportions of photosynthetic 
pigments, to more carotenoids and less 
chlorophyll, along with the development of 
some new kinds of carotenoids and chloro- 
phylls. The number of flagella was sta- 
bilized at two, and the apical indentation 
was modified into a longitudinal ventral 
groove. The cryptophyte-pyrrophyte line 
diverged just after these steps, tending to 
retain the cellulose wall and starch food 
reserves of their chlorophycean ancestors. 
The Cryptophyceae often retain the gullet 
as well as the ventral groove; the Desmo- 
phyceae tend to lose the groove altogether; 
in the Dinophyceae the groove takes on a 
spiral and finally a transverse orientation. 

The next step in the evolution of the 
remaining group (after the divergence of 
the cryptophytes and pyrrophytes) was the 
substitution of other products for starch as 
food reserves. The flagellar pattern sta- 
bilized at one whiplash and one pinnate. 
The group then divided into two lines. 

One line retained cellulose as a prin- 
cipal wall constituent and went on to pro- 
duce many multicellular plants. These are 
the brown algae. In this group the longi- 
tudinal furrow was modified into a broad, 
shallow depression by reduction of one of 
the flanks, and this change was associated 
with the change of position of the flagella 
from ventrally subterminal to lateral. 
Within the brown algae the sequence from 
Isogeneratae to Heterogeneratae to Cyclo- 
sporae seems clear enough, reflecting the 
progressive increase in the diploid part of 
the life cycle and the eventual reduction of 
the. haploid part. It is possible, however, 


that the Heterogeneratae, with dissimilar 
gametophytes and sporophytes, originated 
from several different groups of Iso- 
generatae. 

The other line dispensed with cellu- 
lose as a wall constituent, retaining the 
pectic compounds and eventually adding 
silica, and also dividing the cell wall into 
two overlapping halves. This line, which 
became the Chrysophyta, produced many 
unicellular algae but only a few small 
multicellular ones. The longitudinal ven- 
tral furrow of the flagellated cells was soon 
eliminated in the Chrysophytan line, al- 
though the chloromonads (the least modi- 
fied segment of the group) retained it. 

Certain pieccs of information do not 
fit well into the foregoing hypothesis of 
algal flagellate evolution, and some modi- 
fication may eventually become necessary. 
The presence of phycobilins as important 
pigments in the Cryptophyceae may possi- 
bly be primitive. ‘The peculiar chromosom- 
al organisation of the Pyrrophyta may 
also prove to be primitive, lacking the 
charactenstic histone proteins of eukaryo- 
tes, but this interpretation is still wholly 
speculative. 

In all probability the major groups of 
flagellates were established well before the 
Cambrian period, and the occan was teem- 
ing with microscopic life then as now. By 
the Cambrian period, types of green algae 
with a relatively complex thallus had been 
produced, and by the Devonian period, the 
highly specialized charoids made their ap- 
pearance. Doubtless the abundance of 
green algae in streams and lakes dates from 
pre-Cambrian time. The diatoms, now such 
a dominant part of the plankton in the 
cooler parts of the ocean, did not attain 
any prominence until the Cretaceous pe- 
riod, although they may well have origi- 
nated somewhat earlier. Characteristic 
types of brown algae evidently originated 
early in the Paleozoie era, as indicated by 
fossils, and probably the tidal and offshore 
zones in the cooler parts of the world have 
had much the same aspect from that time 
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to the present, being largely dominated by 
brown algae. 


FUNGI 


On the basis of comparative morphol- 
ogy and physiology, the fungi appear to be 
derived from unicellular flagellates by loss 
of chlorophyll and subsequent develop- 
ment of more complex body types. 

The relationship of the Myxomycetes 
to the fungi proper is still debatable. There 
may be a connection through primitive 
phycomycetes (chytrids and chytrid-like 
types), but as recently as 1970 an eminent 
mycologist with long experience in the 
study of myxomycetes (Lindsay Olive) 
treated them as a class Mycetozoa in the 
Phylum Protozoa of the animal kingdom. 
The origin of the myxomycetes from uni- 
cellular flagellates is unchallenged, as is the 
algal background for all unicellular flagel- 
lates. The unresolved question is whether 
the myxomycetes originated in common 
with other fungi, or independently. The 
origin of the Myxomycetes may well ante- 
date the Devonian period, but they are 
even less subject to fossilization than other 
fungi, and the fossil record is practically a 
blank. 

The Phycomycetes appear to be the 
most primitive group of fungi, and it 1s 
this group that shows up first in the fossil 
record. Rhyniophyte fossils from the 
Rhynie beds of Devonian age are accom- 
panied and penetrated by fossils of coeno- 
cytic, filamentous fungi which probably 
represent Phycomycetes. Carboniferous and 
later deposits also bear occasional fossils of 
apparent Phycomyeetes. 

The trouble with this simple state- 
ment of the position of the Phycomycetes 
is that the group may itself be unnatural. 
The Oomycete group of Phycomycetes ap- 
pears to be closely related to and derived 
from the Xanthophyceae. Most or all of 
the others may have a separate origin from 
some other group of algal flagellates. All 


784 INTRODUCTORY BOTANY 


tested fungi other than the Oomycetes syn- 
thesize the essential amino acid lysine by 
an unusual method shared only (so far as 
now known) by Euglena. The Crypto- 
phyceae and Pyrrophyta have not been 
tested in this regard. ‘There are also other 
reasons for separating the Oomycetes from 
other Phycomycetes, and mycologists now 
find it convenient to divide the traditional 
Phycomycetes into at least three classes, 
the Oomycetes, Chytridiomycetes, and 
Zygomycetes. The evolutionary progression 
seems to be from Chytndiomycetes (which 
have flagellated cells at some stage of the 
life cycle) to Zygomycetes (which are 
strictly filamentous) to Ascomycetes and 
then Basidiomycetes. 

The Ascomycetes probably originated 
from the Phyeomycetes by postponement 
of karyogamy after plasmogamy, associated 
with the development of a specialized 
sexual sporangium, the ascus. Fossil leaves 
of Carboniferous and later plants some- 
times have small spots resembling the fruit- 
ing bodies of powdery mildews and other 
Ascomycctes. 

Evidence from comparative morphol- 
ogy suggests that the Basidiomycetes 
originated from the Ascomycetes by modi- 
fication of the ascus into a basidium, asso- 
ciated with a further elaboration of thc 
dikaryotie stage (between plasmogamy and 
karyogamy) in the life cycle. Here again 
the fossil evidence, though scanty, falls 
into line. Leaf spots resembling the aecial, 
uredinial, and tclial son of rusts occur on 
many fossils of Cretaceous and later age, 
and only doubtfully in the Carboniferous, 


EMBRYOPHYTES 


INTRODUCTION 


Life evidently originated in the water, 
and adaptation to a land habitat has not 
been easy. The bacteria, although many of 
them occur on land, are still essentially 
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aquatic. ‘They are vegetatively active only 
when covered with water, but they are 
so small that they need only a thin film 
of water, which is resistant to evaporation. 
The algae are also mostly aquatic, al- 
though some species occur on dry land. 
Even the terrestrial species usually do bet- 
ter when the air is moist enough to permit 
a film of water to cover them, and they 
generally go into dormancy in dry weather. 
The fungi arc mostly terrestrial rather than 
aquatic, but most of them still require a 
film of water around the individual vege- 
tative hyphae; it is chiefly the fruiting 
bodies that are really aerial. 

Only one group of plants, the embryo- 
phytes, has become really adapted to life 
on land, with aerial vegetative organs. The 
evolutionary history of the embryophytcs is 
largely a story of increasing adaptation to 
the land, and the embryophytes are often 
loosely called the Land Plants. 

Cambrian and Silurian deposits con- 
tain a few scattered fossils of probable land 
plants. Except for some rhymophytes to- 
ward the end of the Silurian, these fossils 
are not clearly identifiable with any of the 
recognized divisions. Some of them look 
suspiciously like brown algae, and it is 
conceivable that the brown algae did give 
rise to a temporary terrestrial line. There 
is ample reason to exclude the brown algae 
as potential ancestors of modern land 
plants, however; the pigmentation, food 
reserves, and flagellar structure all point to 
the grcen algae instead. Some of the Cam- 
brian and Silurian fossils may be transi- 
tional between the green algae and the 
embryophytes, but this is not at all clear. 
There may even have been several groups 
of primitive land plants, derived from 
different groups of algae; if so, all but 
one line died out. All land-plant fossils 
from the Devonian period to the present 
(excluding fungi and terrestrial algae) are 
apparently embryophytes, with a common 
ancestry in the green algae. Some of the 
more complex of the present-day green 


algae, with similar gametophyte and sporo- 
phyte generations, may be similar to the 
forms which gave rise to the embryo- 
phytes. 

The primitive embryophyte is now 
widely believed to have had similar game- 
tophyte and sporophyte generations, and 
from this type evolution has proceeded in 
two directions. In one line the sporophyte 
became essentially parasitic on the gameto- 
phyte, losing much or all of its photo- 
synthetic capacity and coming to be 
scarcely more than a stage in the repro- 
duction of the gametophyte. ‘The bryo- 
phytes represent this line of development. 
In the other line the sporophyte became 
the dominant generation, and the gameto- 
phyte was reduced, eventually becoming 
merely a step in the reproduction of the 
sporophyte. The vascular plants represent 
this line of development. 

The characteristic stomates of the 
vascular plants evidently originated before 
the divergence of the bryophyte line from 
the vascular-plant line, at a time when the 
sporophyte had an important photosyn- 
thetic function, inasmuch as stomates are 
now found on the sporophytes of many 
bryophytes, in which they have only minor 
(or no) functional significance. 


BRYOPHYTES 


The divergence of the bryophyte line 
from the vascular-plant line may have oc- 
curred as early as the Cambrian or Ordo- 
vician period, inasmuch as characteristic 
vascular plants are known from Silurian 
deposits and had become common by the 
Devonian. Fossils clearly identifiable as 
bryophytes are not known from rocks 
earlier than the Upper Devonian; however, 
because of their soft texture they are so 
seldom preserved, as compared to other 
fossils, that their apparent absence from 
earlier deposits may not be significant. 
Differentiation of the three classes of 
bryophytes from each other may have 
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proceeded more slowly, however; some 
fossils of Triassic and Jurassic age may be 
intermediate between the Bryopsida and 
Marchantiopsida, although more character- 
istic members of the two groups can be 
identified in Upper Carbonifcrous deposits. 


PALEOZOIC VASCULAR PLANTS 


In the vascular-plant line, increase in 
size of the sporophyte was associated with 
the development of a conducting system: 
xylem and phloem. The earliest vascular 
plants may well have been similar to the 
fossil Rhynia, in which the sporophyte con- 
sists of a dichotomously branching axis 
with a horizontal basal part and an erect 
terminal part, the sporangia being terminal 
on the branches. Plants of this general 
nature had evolved by the Silurian period, 
although Rhynia itself, the best example 
of the type, is known only from the 


Devonian. 
Evolution from primitive rhyniophytes 


followed several main lines. One of these 
lines apparently developed with relatively 
little change into the modern psilotophytes, 
although the contrary view has also been 
advanced that the psilotophytes are odd- 
ball ferns. The other lines developed into 
(1) the Lycopodiophyta, (2) the Equisc- 
tophyta, (3) the Polypodiophyta, and (4) 
the Pinophyta and eventually the Mag- 
noliophyta. One might with equal propriety 
list the pmophyte-magnoliophyte group as 
originating from the Polypodiophyta; they 
apparently diverged from a fern (polypo- 
diophyte) or pre-fern stock at a time ( Up- 
per Devonian) when that stock was itself 
scatcely distinct from the rhyniophytes. 
The basic changes in structure and posi- 
tion of vegetative and reproductive parts 
incident to the evolution of the Equiseto- 
phyta and Polypodiophyta, and possibly 
the Lycopodiophyta, are shown diagram- 
matically in Fig. 21.4. A different interpre- 
tation of lycopod evolution, regarding the 
leaves as enations, also has some currency. 
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Fig. 38.2 Reconstruction of Lepidodendron, a 
Carboniferous lycopod tree. (Photo courtesy of 
Field Museum of Natural History.) 


The land vegetation of the early part 
of the Devonian period was dominated by 
rhyniophytes and to a lesser extent by club 
mosses. By the middle of the Devonian 
period, the rhyniophytes began to be re- 
placed by forms transitional to the ferns, 
equisetoids, and Cordaitales, while the ly- 
copods eontinued with increasing vigor. 
Toward the end of the Devonian, the 
rhyniophytes apparently died out, except 
for an insignificant fragment which has 
continued, without fossil record, to the 
present time, being represented now by 
the psilotophytes. 
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Trees belonging to the lycopod group, 
the equisetoid group, and the cordaitalean 
group of preconifers dominated the lush, 
luxuriant vegetation of the extensive 
swamps and other lowlands during the 
Carboniferous period, especially the Upper 


Carboniferous (Fig. 38.3). Ferns and seed 
ferns were also a prominent part of the 
landscape, and the smaller members of the 
lycopods and equisetoids likewise flour- 
ished. ‘The Carboniferous period, especially 
the Upper Carboniferous, is the great coal 
age. Masses of dead vegetation accumu- 
lated in the lowlands faster than they de- 
cayed, and some of the deposits later 
changed into coal. 


The Permian period witnessed the 
decline of the groups which dominated the 
Carboniferous landscape. The Lepidoden- 
drales and Calamitales, representing the 
arboreseent members of the Lycopodio- 
phyta and Equisetophyta, disappeared com- 
pletely. The herbaceous members of these 
divisions persisted, and a remnant survives 
to this day, but these were not very im- 
portant constituents of the vegetation, then 
or later. The seed ferns and Cordaitales 
dwindled, although both groups survived 
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Fig. 38.3 Reconstruction of a swamp forest of Carboniferous age. (Photo courtesy of 


Field Museum of Natural History.) 


into the Mesozoic era. The angiosperms 
may conceivably have arisen from the seed 
ferns in uplands during the Permian period, 
although there are no fossils to support 
this speculation. 

The changes in vegetation during the 
Permian period were associated with drastic 
climatic changes. The great coal swamps 
disappeared, and there were extensive arid 
uplands. In the Southern Hemisphere, 
there was a severe glaciation during part 
of the period. Permian plants in general 
have smaller, more leathery, and more 
heavily cutinized leaves than their Carbon- 
iferous ancestors. The conifers and the 
first clearly identifiable ancestors of the 
ginkgo made their appearance in the 
Permian period. 

A very specialized flora, the Glossop- 
teris flora, originated in the Southern 
Hemisphere during the Permian glaciation 
and persisted for some time thereafter. 
Glossopteris (Fig. 38.4), the most charac- 
teristic member of the flora, has simple, 
entire, linear or spatulate to elliptic or ovate 
leaves often several inches long, attached 
apparently to a rhizome. The longstanding 
suspicion that Glossopteris might be a seed 
fern rather than a true fern has recently 





Fig. 38.4 Reconstruction of Glossopteris. (X1/4.) 
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been confirmed by fossil discoveries in 
South Africa, but the precise morphologi- 
cal interpretation of the newly discovered 
fructifications is still debatable. The simi- 
larity of the Glossopteris flora in such now 
widely separated areas as Australia, India, 
South Africa, and southern South America, 
strengthens the hypothesis held by many 
students that these areas were parts of a 
single large continent, Gondwanaland, un- 
til the close of the Paleozoic era. 


TRIASSIC AND JuRASSIC VASCULAR PLANTS 


The development of the characteristi- 
cally xerophytic vegetation which was well 
started in the Permian period continued 
into the Triassic and reached its climax 
in the Jurassic. Three groups (the Cyca- 
dales, Bennettitales, and Caytoniales) de- 
rived from the seed ferns waxed in the 
Triassic and culminated in the Jurassic, 
while the seed ferns themselves dwindled 
and disappeared. ‘The Cycadales and espe- 
cially the Bennettitales (cycadeoids) werc 
so abundant and varied during the Jurassic 
that this period is often called the Age of 
Cycads. The Ginkgoales also reached their 
greatest development during the Jurassie 
period. Great forests of conifers with wood 
resembling the modern genus Araucaria 
cxisted during the Triassic and Jurassic pe- 
riods (Fig. 38.5), and coniferous forests 
have continued to cover extensive areas to 
the present time. The conifers are evidently 
the direct descendants of the Paleozoic 
Cordaitales, and the distinction between 
the two groups is not easily drawn. Ferns 
continued to play a significant but subsidi- 
ary role in the vegetation of the Triassic 
and Jurassic periods, as they have done in 
all periods from the Carboniferous to the 
present. 


ANGIOSPERMS 


The Cretaceous period witnessed an- 
other great vegetational change, with the 
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Fig. 38.5 Petrified trunks of Araucaria-like trees of T 





riassic age tn Arizona. (Photo cour- 





Fig. 38.6 Cross, radial, and tangential sections ot petrified Cordaitalean wood of Triassic 
age from Arizona. (Photomicrographs courtesy of Lyman H. Daugherty, from The Upper 


Triassic flora of Arizona; Carnegie Publication 526.) 


angiosperms blossoming out as the domi- 
nant land flora. By the middle of the 
Cretaceous period, the angiosperms had 
become the principal land vegetation, and 
many modern arborescent genera appar- 
ently extend all the way back to the Upper 
Cretaceous. 


The Cretaceous angiosperms, as far 
as is known, were mostly trees. It is gener- 
ally believed that herbaceous angiosperms 
have woody ancestors, and that the change 
has occurred independently in a number 
of different groups, although opinion is not 


unanimous. ‘The herbaceous groups do not 


begin to be prominent in the fossil record 
until the Miocene epoch. Bees, which are 
such important pollinators, especially of 
many herbs, made their first appearance in 
the Oligocene, although beetles and some 
other groups of insects are much more 
ancient. By late Miocene time the vegeta- 
tion must have had an essentially modern 
aspect. Many species, some genera, and 
probably a few families have originated 
since the Miocene period, but these 
changes are minor compared to those which 
preceded them. 

The great climatic changes of the 
Pleistocene period, with its recurrent gla- 
cial and interglacial epochs, caused equally 
grcat changes in the distribution of species 
and whole floras in temperate and cold 
regions, but the evolutionary effects of 
these changes were mostly at the specific 
level. There is no evidence that large 
numbers of new orders, families, or even 
genera of angiosperms originated as a re- 
sult of these stresses. The Pyrenees-Alps 
mountain area effectively prevented the 
plants of western Europe from migrating 
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Fig. 38.7 Fossil angiosperms. Left, flowers of Oligocene age from Montana. (Photo cour- 
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southward as the ice sheets advanced upon 
them, and the present flora of this region 
is notably poor in comparison to that of 
North America, where the north-south 
orientation of the major mountain rangcs 
interposed no such barrier to migration. 
There is no reason to suppose that the 
aspect of the vegetation of North America 
was much different 500 years ago (before 
European colonization) from that of timcs 
with comparable climate during the most 
recent interglacial period. 

The climate of the Tertiary period 
(Paleocene through Pliocene) was evi- 
dently milder than that of the present, and 
a large angiospermous forest apparently 
occupied a broad boreal belt in North 
America and Eurasia. This Arcto-Tertiary 
forest, as it is called, was broken up by 
the Pleistocene glaciation. Some remark- 
able similarities in the forest species of 
the unglaciated parts of eastern North 
America and eastern Asia, first commented 
on in 1859 by the American botanist Asa 
Gray, reflect the survival of remnants of 
the Arcto-Tertiary forest in these areas. 





tesy of Herman F. Becker.) Right, Fagopsis, a beech-like fossil of Tertiary age from Colorado. 


(New York Botanical Garden photo.) 
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The origin of the angiosperms was an 
“abominable mystery” to Charles Darwin 
and remains hardly less so to botanists 
today. The Pinales, Cordaitales, Gnetales, 
Bennettitales, and Caytoniales have been 
suggested and discarded as possible an- 
cestors. The seed ferns are the only gymno- 
sperms without serious drawbacks as poten- 
tial ancestors of the angiosperms, and even 
here the evidence is not at all clear. No 
fossils now known effectively connect the 
angiosperms to the seed ferns or any other 
group of plants. There is a considerable 
concentration of primitive genera and fam- 
ilies of angiosperms in the Malaysian re- 
gion, and there are excellent morphological 
reasons for considering the angiosperms to 
be originally tropical. When the tropical 
regions are as well explored for fossils as 
the temperate and boreal regions, the 
“abominable mystery’ may be solved. 


EVOLUTIONARY PATTERN 


The phylogeny of the land plants, 
especially the vascular plants, is a story of 
increasing adaptation to a land habitat. 
The development of a vascular system is 
obviously necessary if the plant is to rise 
more than a few inches above the ground. 
Stoniates are also essential, permitting the 
exchange of gases necessary for photo- 
synthesis in internal tissues, without allow- 
ing too much evaporation during periods 
of water shortage. The differentiation of 
an original dichotomously branching axis 
into roots, stems, and leaves with particu- 
lar functions in the economy of the plant 
is a further adaptation to the environment. 

The gametophyte, with none of the 
special adaptations of the sporophyte, is 
progressively reduced and is at first earth- 
bound. The differentiation of the gameto- 
phytes into males and females, a special- 
ization which ensures cross-fertilization, 
determines the direction of any further 
modifications of the gametophyte relating 
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to the land habitat. The female gameto- 
phyte, which must provide nourishment 
for the young sporophyte, cannot be re- 
duced as much as the male gametophyte, 
which merely needs to produce sperms. 

The next important step, after reduc- 
tion in the male and female gametophytes 
seems to have reached the limits of eff- 
ciency, is the retention of the female 
gametophyte on the parent sporophyte, 
and the transfer of the whole male gameto- 
phyte (instead of merely the sperms) by 
wind or other means. The female gameto- 
phyte and its associated structures now 
constitute the ovule, and the male gameto- 
phyte is the pollen grain. Fertilization no 
longer depends on a film of free water for 
the sperms to swim in, and the sperms, 
not having to swim, lose (phyletically) 
their flagella. The further reductions which 
occur in the male, and especially the fe- 
male, gametophyte may be merely the 
result of the evolutionary momentum (a 
form of orthogenesis) of the previously 
established trend toward reduction, al- 
though not all botanists would agree with 
this interpretation. The enclosure of the 
seed within the ovary is a protective meas- 
ure made possible by the fact that the 
male gametophyte now delivers the sperm 
to the egg through a pollen tube which 
absorbs nourishment from the surround- 
ing tissue as it grows. 

Another important adaptation to the 
land habitat, which has been made re- 
peatedly but which has been most effec- 
tively exploited by angiosperms, is the 
xylem vessel. Vessels are much more effec- 
tive conducting elements than tracheids. 
A vessel-bearing angiosperm tree growing 
in the same habitat as a vessel-less conifer 
provides a more reliable supply of water 
to the leaves, especially during periods of 
high evaporation, enabling the angiosperm 
to make fuller use of the environmental 
resources by lessening the need for xero- 
phytic adaptations which restrict such ex- 
ploitation. 
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PLANT 
OMMUNITIES 


Timberline tree of limber pine, Pinus flexilis, in the Rocky Mountains of Colorado. (Photo 
by Charlie Ott, from National Audubon Society.) 





THE NATURE OF PLANT 
COMMUNITIES 


It is a common observation that cer- 
tain kinds of plants are likely to grow to- 
gether. Oak and hickory; spruce and fir; 
lawn grass and dandeélions; beech, maple, 
and hemlock; buffalo grass (Buchloe) and 
little grama grass (Bouteloua gracilis) : 
each of these combinations occurs often 
enough to catch any observant eye. A little 
further study shows that certain kinds of 
shrubs and herbs are likely to be found 
where oak and hickory grow together; 
another group occurs with spruce and fir, 
anothcr group with beech-maple-hemlock, 
and so on. Thus whole plant communities 
tend to repeat themselves in similar habi- 
tats. Any group of plants occupying a par- 
ticular habitat at a particular place is called 
a plant community, and every plant in 
nature belongs to such a community. 

It does not require much closer ob- 
servation to see that certain kinds of ani- 
mals tend to go with certain plant com- 
munities. In a sagebrush desert, one may 
expect to find jackrabbits, ground squirrels, 
and possibly rattlesnakes, but not snow- 
shoe rabbits, flying squirrels, or alligators. 
The plants and animals occupying a par- 
ticular habitat at a particular place make 
up a biotic community. 

The organisms of a biotic community 
influence and are influenced by each other, 
as well as influencing and being influenced 
by the physical environment. Many of the 
shrubs and herbs of the forest floor require 
shade and could not survive if the trees 
around them were cut down. The bushy 
young second-growth forest which harbors 
a large population of deer will support only 
a much smaller number when the trees 
grow taller and there is less forage within 
reach. 

The animal part of a natural biotic 
community is largely governed by the 
plant part, rather than the reverse. The 
animals depend directly or indirectly on 


the plants for food and cannot live with- 
out them. The plants, on the other hand, 
make their own food from raw materials 
drawn from the soil and the air. The total 
volume of vegetable material in a biotic 
community is ordinarily much greater than 
the volume of animal material, so that it is 
the plants which dominate the scene. The 
animals, moreover, are motile; within 
limits, they can directly select the habitat 
most suitable for them. For all these rea- 
sons it is possible (and in botanical circles 
customary) to consider plant communi- 
ties as such, with only secondary, if any, 
attention to the animals. 

The animals, of course, do have some 
effect on the nature of the plant commu- 
nity. Even aside from the influence of 
man, grazing and browsing animals can 
have an important influence; many kinds 
of flowering plants depend on insects for 
pollination; birds, squirrels, and parasites 
eat many seeds that might otherwise find 
a place to germinate, etc. A full under- 
standing of the plant community, there- 
fore, requires a consideration of the ani- 
mals. Still, the biotic factors (other than 
competition among the plants themselves) 
gencrally exert less obvious control over 
natural plant communities than the cli- 
matic or even the edaphic (soil) factors. 

Just as it is true that certain kinds of 
plants repeatedly occur together, so is it 
also true that no two plant communities 
are ever exactly alike in the species repre- 
sented and the proportions in which they 
occur. The more carefully two similar com- 
munities are analyzed, the more differ- 
ences arc likely to be found between them. 
Each species in the community has its 
own geographic limits and ecological am- 
plitude, which do not exactly match those 
of any other species. Since the environ- 
ment of two different plant communities 
is never the same in all details, each com- 
munity differs to a greater or lesser degree 
from all others. 

The transition from one plant com- 
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munity to the next may be gradual or 
abrupt, and the boundary zone between 
them (called the ecotone) is correspondingly 
broad or narrow. The ecotone is especially 
likely to be narrow when the two commu- 
nities are of different growth habit, as a 
forest and a grassland, or when there is an 
abrupt change in the habitat, as at the 
shore of a lake. On the other hand, when 
the environmental change is gradual, and 
when the two communities are of similar 
habit (e.g., two grassland communities, or 
two coniferous forest communities) the 
ecotone may be very broad indeed. 

The ecotone is a tension zone be- 
tween two communities. Just as the last 
straw broke the camel’s back, so may a 
slight environmental change in the eco- 
tone have a great effect, causing one com- 
munity to give way to another. Climatic 
changes, even slight ones, in an ecotone 
region may shift the position of the eco- 
tone aS one community expands into an 
area previously occupied by another. 


Tue Lawn as A PLANT COMMUNITY 


A lawn may be taken as an example 
of a plant community with which the 
student may be familiar. Many of the 
environmental factors governing the lawn 
are under human rather than natural con- 
trol, but the essential principles of com- 
petition and response to environmental 
factors are the same as in natural com- 
munities. 

Our lawn, being reasonably well kept, 
consists principally of bluegrass (Poa pra- 
tensis), with an admixture of white clover 
(Trifolium repens). If we were naming it 
in the same way as we often do natural 
communities, we would call it a bluegrass- 
clover community. 

In the spring the lawn begins to grow 
vigorously and needs to be mowed fre- 
quently. One notices that this year the 
clover is especially abundant in a sloping 


area where water runs off the driveway. 
Obviously there has been excessive leach- 
ing of nitrogen here, and the clover, which 
harbors nitrogen-fixing bacteria in its roots, 
has begun to crowd out the grass. In an- 
other year or so, at this rate, the clover 
will replace the grass in that spot com- 
pletely and will begin to gain in the rest 
of the lawn too. So we apply fertilizer, 
being especially generous where the clover 
is most abundant. Since we are interested 
in vegetative growth, we use a fertilizer 
that is high in nitrogen, shying away from 
high-phosphate fertilizers, such as bone 
meal, that encourage flowering and 
fruiting. 

Early in the summer some seedlings 
of Norway maple come up in the lawn, 
the winged fruits having blown in from 
some trees across the street. There are even 
one or two silver maples among them. 
The next block has a row of silver maples 
on it, and we remember learning in general 
botany that the number of seeds migrat- 
ing to any given distance varies inversely 
with the square of the distance. The maple 
seedlings soon get clipped off by the lawn- 
mower and die. Without some such lethal 
factor as the lawnmower, these and other 
seedlings of woody plants would grow up 
in a few years to form a forest that would 
cut off so much light that the lawn would 
die out. Exactly this same sort of com- 
petition for light occurs in nature. If the 
climate is moist enough to support tree 
growth, grasses are shaded out and play 
only a minor role in the community, un- 
less some special factor operates against 
the trees. 

As summer comes on and the weather 
gets warmer, the bluegrass grows more 
slowly and does not need mowing so 
often. Then we begin to notice here and 
there some grass sprigs with broader, paler 
leaves among the deep green we have been 
so proud of. Crab grass! This is a late- 
starting annual which grows vigorously all 


summer, especially if there is plenty of 
moisture. It will spread by stolons along 
the top of the ground, covering the blue- 
grass and starving it for light, if allowed 
to continue. 

Laziness tempts us to hope that if we 
just stop watering the lawn all will be 
well. After all, bluegrass goes dormant in 
the summer anyway, given half a chance, 
and then greens up again for fall. Our 
neighbor, whose lawn goes brown in sum- 
mer from lack of water, doesn’t seem to 
have crab-grass trouble. But then we re- 
member the park lawn, a few blocks away, 
where this policy has been in effect for 
twenty years. Old-timers tell us that it 
used to be a good lawn, too. But each year 
it had a little more crab grass, until now 
nothing else is left in the open places. 
It is green in the summer, and dead gray- 
brown all fall, winter, and spring. True, 
there is bluegrass under the scattered trees 
in the park, so in summer the lawn is 
green in the open and brown under the 
trees, and in the spring and fall it is 
brown in the open and green under the 
trces. Obviously bluegrass stands shade 
better than crab grass, but even bluegrass 
doesn’t like it very well, and the turf under 
the trees is pretty skimpy. If the trees 
were clustered instead of scattered, so that 
light didn’t get in from the side, the blue- 
grass would be shaded out, too. 

But we are proud of our lawn, and we 
want it to be green all summer, as well as 
spring and fall, and we want it to be that 
way year after year. So we continue to 
water it, and we set the mower up a bit, 
to leave the grass longer so that the hot 
sun does not get through to the ground 
and parch it. We also get down on our 
knees and pull crab grass. Naturally we 
work hardest on the front lawn, which 
everybody can see, and here our efforts are 
enough. Not only does it stay green, but 
when fall rolls around there is hardly a 
blade of crab grass in it. Now the grass 
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Starts to grow vigorously again, and we 
set the mower back down to cut more 
closely and stimulate growth and branch- 
ing. The front lawn has survived another 
season and will be in good shape next 
spring after its winter dormancy. 

The back lawn is another matter. 
Somehow, after the front lawn was 
weeded, there never seemed to be enough 
time to take proper care of the back lawn. 
We did water it, and it stayed green, but 
by late summer there are big, spreading 
patches of crab grass. Under the crab grass, 
the bluegrass looks pretty sick but is per- 
haps not yet dead. So, late in the summer, 
with the weather still warm and the crab 
grass spreading wildly, we apply a chemi- 
cal advertised as a crab-grass killer. We 
worry about this a bit, for we know that 
it is poisonous to bluegrass too, and part 
of its greater effect on crab grass is due 
merely to the fact that at this time the 
crab grass is growing faster than the blue- 
grass. With a little bit of luck, the recom- 
mended dosage turns out to be all right, 
and the crab grass turns yellow and dies. 
The bluegrass, wonder of wonders, is not 
yet dead, and, as the weather turns cooler, 
it comes back and fills in where the crab 
grass has been. Only a few little bare 
patches remain to be reseeded, but it was 
a close call, and we resolve to do better 
in the future. Perhaps next spring we shall 
try one of the chemicals which inhibits 
seed germination, and maybe the crab 
grass problem will be licked. 

There were, of course, a few other 
weeds in the lawn besides crab grass, main- 
ly dandelions and plantain. These have 
broad leavcs which shade out the grass but 
lie so close to the ground that the mower 
misses them. Fortunately there were not 
very many, and the individual plants don’t 
sprcad like crab grass, so we were able to 
keep them down by digging them out. If 
we ever decide to do without the clover in 
the lawn, we may try 2,4-D on these dicot 
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weeds. ‘This auxin-like chemical is much 
harder on most dicots than on monocots 
such as grasses, and we shall have to be 
careful not to let any of it drift onto our 
flowers, or into the neighbors’ gardens. 

From this not wholly whimsical ac- 
count of some problems involved in the 
maintenance of a lawn, one can see that 
the continued existence of a particular 
plant community requires a delicately bal- 
anced set of environmental factors. A 
change in one factor favors one or more 
species in the community at the expense 
of others, and a change in some other fac- 
tor favors some other species. Similar en- 
vironments call forth similar plant com- 
munities, but just as no two areas ever 
have exactly the same environment, so are 
no two communities exactly alike. Indi- 
vidual kinds of communities may be de- 
fined as broadly or as narrowly as one 
wishes. All lawns may be considered as 
one type of community, or all bluegrass 
lawns, or our front lawn may be classified 
as different from our back lawn. Commu- 
nities thus vary in size from a few square 
feet, or even less, to hundreds of thous- 
ands of square miles; they may be of any 
shape, and there may be one or many ex- 
amples of a particular kind, depending on 
the breadth of the definition and the geo- 
graphic extent or recurrence of the neces- 
sary environmental conditions. 


PLANT SUCCESSION AND THE 
CLIMAX 


PRINCIPLES 


All plant communities are transitory, 
in terms of geologic timc. Most of Canada 
and much of the northern United States, 
as well as northern Eurasia, were covered 
with ice only a few thousand years ago, 
just as the interior of Greenland is cov- 
ered with ice today. There were, in fact, 
alternating glacial and interglacial periods 


$ 


during Pleistocene time, and we have no 
assurance that another glaciation is not in 
prospect. Even the areas too far south to 
be glaciated have undergone great climatic 
changes through the ages, with correspond- 
ing changes in the vegetation. Organic evo- 
lution also affects the composition of plant 
communities. Many land habitats available 
during the Paleozoic era must have been 
similar to habitats existing today, but their 
vegetation was very different, because the 
angiosperms had not yet come into ex- 
istence. 

When time is considered in terms of 
decades or centuries, some plant commu- 
nities are stable, perpetuating themselves 
indefinitely without significant change, 
while others are transitory, giving way to a 
succession of other communities before a 
relative stability is achieved. Even the most 
stable communities are actually in a deli- 
cately balanced and constantly shifting 
near-equilibrium, as old organisms die and 
are replaced by new ones. The weather is 
never quite the same for two years in a row, 
and these year-to-year differences favor 
first some, then other, elements of the 
community. 

Replacement of one plant community 
by another on the same site with the pas- 
sage of time has been observed by many 
people throughout past ages. The first man 
to observe and report an orderly, predicta- 
ble succession leading to a stable commu- 
nity was apparently Anton Kerner (1831- 
1898), an Austrian botanist whose paper in 
1863 on the vegetation of the Danube 
basin is a neglected landmark of botany. 
Kerner’s concepts of plant succession were 
adopted by some of his European contem- 
poraries and successors, but it remained for 
two American botanists, Henry C. Cowles 
(1869-1939) and Frederic E. Clements 
(1874-1945) to bring them to full flower. 
Cowles’ study (1899) of the vegetation of 
the sand dunes along Lake Michigan 
greatly influenced botanical thought, espe- 
cially in America, and helped to inspire 
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Fig. 39.1 Anton Kerner (1831-1898), Austrian 
botanist, father of the climax concept. (New York 
Botanical Garden photo.) 


Clements to develop the concept of the 
regional climax, the climatically deter- 
mined, stable vegetation type toward 
which all successional types in a region 
lead. 

Plant succession is most conspicuous 
and most easily observed when a bare area 
is newly made available for plant coloni- 
zation. On dry land this happens after 
retreat of a glacier, after volcanism, after 
severe fire, and when a fallow field is 
abandoned. In water it happens when a 
lake or pond is formed behind a natural or 
man-made dam. A series of plant commu- 
nities starting on dry land (especially on 
bare rock) is known as a xerosere, Or Xer- 
arch succession, and one starting in water 1s 
a hydrosere, or hydrarch succession. In each 
case the habitat becomes progressively 
more mesic (moist; neither very wet nor 
very dry) during the course of the suc- 
cession. 

Ideally, the stable plant community 
achieved after a succession of transitory 
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communities is determined by the climate 
alone, regardless of the nature of the area 
when first exposed. Thus all xeroseres and 
all hydroseres in a given region should 
lead to the same climatically determined 
climax vegetation, given sufhcient time. 

In actuality, various factors commonly 
intervene to prevent or substantially delay 
the realization of this theoretical ideal, and 
there are often two or more apparently 
stable vegetation types on different soils or 
on different exposures in the same region. 
The soil and moisture conditions, and 
therefore the vegetation, of a flood plain 
along a river are permanently different 
from those of the surrounding hills, in 
terms of human (rather than geologic) 
time. In regions where moisture is a criti- 
cal factor, north and cast slopes may be 
forested, while south and west slopes are 
covered with grass or sagebrush, with a 
sharp dividing line between the two types 
along the crest of a ridge. 

In the vicinity of Minneapolis, two 
equally persistent and stable vegetation 
types (maple-basswood and oak-hickotry ) 
occur on soils derived from the two differ- 
ent kinds of glacial drift found in the area. 
The stony and relatively sterile soil of the 
“red drift,” derived from an ice sheet that 
came from the northeast, supports oak- 
hickory forest, whereas the more fertile, 
calcareous soil of the “gray drift,” derived 
from an ice sheet that came from the 
northwest, supports maple-basswood for- 
est. Elsewhere the oak-hickory climax 1s 
generally more southern, in a warmer, drier 
climate than the maple-basswood climax, 
but here the same effect is brought about 
by edaphic differences which have per- 
sisted since the ice age. The climatically 
determined climax community on each of 
these soil types has changed more than 
once since the retreat of the glaciers. As 
we shall see, the effect of climate ulti- 
mately tends to overcome the effect of the 
parent material in determining the nature 
of the soil, but here too the ideal situa- 
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tian is not always realized, and the climate 
itself may change before the effect of the 
parent material disappears. 


be d 
XMEROSERE 


A typical Xerosere begins with bare 
rock and leads to the climax community. 
The genera and species differ according to 
the climate and other conditions, but the 
broad picture is much the same in all cli- 
mates. Crustose and foliose lichens are 
ordinarily the first inhabitants of the rock. 
These pioneers cause corrosion of the rock 
surface and catch a little dust from the 
wind. This first stage in the xerosere may 
last a very long time, especially in dry 
regions where the lichens must remain 
dormant for most of the year, growing 
only during the short periods when water is 
available. 

Eventually disintegration of the rock 
and accumulation of small particles of de- 
bris progress to the point where mosses can 
get a foothold among the pioneer lichens. 
Fruticose lichens may become established 
in the moss mat or among the crustose and 
foliose lichens. The accumulation of wind- 
blown dust and the decay of older parts of 
the plants in the moss mats lead to the 
formation of a thin layer of soil on the 
rock surface. 

Sooner or later small seed plants, espe- 
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cially annuals, become established in the 
moss mats, and the thin cover of soil gradu- 
ally thickens. Then perennial herbs enter 
the community. In forested regions, the 
stage with herbs growing in the moss mat 
is generally followed by a shrub stage, and 
the shrubs in turn give way to trees. The 
first trees may be the climax dominants, or 
they may be pioneers which later give way 
to other species before the climax is 
reached. In drier regions the herb or shrub 
stage may be final. 

The moss mat, which played such a 
vital role in the earlier stages of succession, 
is broken up and disappears during the 
later stages. In the climax community, 
mosses are largely restricted to special habi- 
tats such as the bark of trees, fallen logs, 
boulders which have not yet succumbed 
to the soil-building process, etc. 

Crevice plants also play a role in many 
xeroseres. Enough dust and debris may 
accumulate in a rock crevicc, without the 
intervention of lichens and mosses, to per- 
mit the direct establishment of herbs, 
shrubs, and even trees. These species in 
turn givc way to others as a mantle of soil 
is built up. 

Some plants are especially adapted to 
talus slopes. In the long vicw, a talus slope 
is merely a transitory stage of some xero- 
seres, but it may last for thousands of 
years, until the overlooking cliff is worn 


Fig. 39.2 Sand dune near 
Lake Michigan, with horse- 
tail (Equisetum) as a pioneer. 
Note the aspen at the right, 
which is being covered by 
the advancing dune. (Photo 
courtesy of Herman F. Beck- 
er.) 


away and stops adding new rocks to the 
talus. The stems of talus plants branch 
freely and sprawl among the rocks, only 
the tips being assurgent. Any part of the 
stem which gets covered by the shifting 
talus sends out adventitious roots and 
functions as a rhizome, and if the whole 
stem is covered, the tips grow out to the 
surface again. Young plants of this type, or 
those growing in fairly stable talus, may 
have a well-defined taproot. On less stable 
slopes, the stems eventually get separated 
from the taproot, and older plants have a 
wholly adventitious root system. Many 
different families contain characteristic 
talus species. Here, as elsewhere, we see 
that among the angiosperms adaptation 
to various habitats occurs within the fam- 
ilies and genera and does not usually mark 
large taxonomic groups. 

Completion of a xerosere may take 
from a few decades to many thousands 
of years, depending on the circumstances. 
On cliff faces and steep slopes, the early 
successional stages may be prolonged in- 
definitely as new bare surfaces continue 
to be formed by crosion. In general, the 
proccss comes to a conclusion most quickly 
in moist regions, especially if these are also 
warm. 

It will be seen that the critical factor 
in the xerosere is the formation of soil. 
The soil is necessary to provide anchorage 
for the plants and more especially to hold 
a supply of ground water which the plants 
can absorb throughout the growing season. 
As the depth and quality of the soil in- 
crease, larger and larger plants invade the 
habitat, overtopping and crowding out 
thcir predecessors. Each stage in the series 
prepares the way for the next, bringing 
about its own downfall. 


HyDROSERE 


A hydrosere, or hydrarch succession, 
starts with open water and leads toward 
the climax community. All lakes and 
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ponds are transitory; if other forces do not 
destroy them first, they are sooner or later 
filled by mineral sediments and organic 
remains. Given enough time, the former 
lake surface becomes dry land which sup- 
ports the climax vegetation. 

Several stages in a hydrosere can often 
be seen as concentric zones around a pond 
or lake. The deep water in the middle, 
subject to disturbance by the wind, may 
support only plankton algae. In shallower 
water nearer the shore, there is a zone of 
submerged aquatics, usually with linear or 
dissected leaves. These plants may be 
rooted to the bottom, but often they are 
free-floating, like the bladderwort (Utri- 
cularia). Shoreward from thc submerged 
aquatics is a zone of aquatics with floating 
leaves, such as water lilies. These are 
rooted in the soil at the bottom, and their 
advance toward the middle of the pond 
is limited by the depth of the water. Their 
large leaves shade out the submerged 
aquatics. Nearest the shore is a zone of 
emergent aquatics, such as cattails; these 
overtop and crowd out the floating-leaved 
aquatics. Moisture-loving shrubs or trees 
grow along the shore, and on the higher 
ground behind these is the climax vegeta- 
tion. 

As the sediments and organic remains 
accumulate in the pond, the water be- 
comes more shallow, and each vegetation 
zone moves in toward the center. A trcneh 
dug along the shore will often disclose, at 
progressively deeper levels, remains from 
each of the earlier successional stages. 

A special feature of the hydrosere in 
many lakes of glaciated regions is the 
sedge mat, with shoots of sedges and 
other plants growing out of a densely 
tangled mat of rhizomes, peat, and debris. 
The inner margin of the sedge mat floats 
on the surface of the water, often for a 
distance of some yards, and encroaches 
progressively on the open water. A man 
can walk on the floating part with caution, 
but he may also break through. Toward 
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Fig. 39.3 Stages in a hydrosere. Top, a floating 
sedge mat in Michigan, with yellow water lily 
(Nuphar), a floating-leaved hydrophyte, in the 
open water. Bottom, a later stage, in Minnesota, 
with the pond completely filled in to form a bog 
that is being invaded by trees. (Photos courtesy 
of Herman F. Becker.) 
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the shore, the sedge mat is invaded by 
bog shrubs, which in turn give way to bog 
trees. The climax forest follows behind 
these. 

It is often useful to think of a hydro- 
sere in terms of progressive eutrophication 
of the lake or pond. Initially, the lake has a 
relatively low content of dissolved minerals 
and supports a relatively sparse growth of 
plankton algae to a depth of several meters, 
as far as the light can penetrate enough to 
permit photosynthesis. Algal photosynthe- 
sis keeps the oxygen content of the water 
at all the water can hold. There is a nor- 
mal food chain from plankton algae to 
zooplankton and eventually to fish, but 
none of these organisms is conspicuously 
abundant, and the water is elear. The lake 








¥ 4 


is oligotrophic (Greek oligos, few or little 


and trophia, nutrition). 


If the lake has no outlet, the supply 
of minerals carried in by drainage water 
gradually accumulates, and plant growth 
increases to the point where respiration 
does not keep pace with the production. 
Algae grow so abundantly at the surface 
that they shade out the deeper water, and 
much of their supply of photosynthetic 
oxygen is lost to the air. Floating aquatic 
angiosperms mingle with the algae in cov- 
ering the surface. The supply of dissolved 
oxygen in the deeper water is largely used 
up by decay bacteria, which still do not 
keep pace with the settling of dead ma- 
terial from above. The depletion of oxygen 
near the bottom, resulting from the decay 
of materials settling from above, reduces or 
eliminates the population of fish and other 
animals at that level. The water becomes 
murky with algae and decay products, and 
the pond fills in at an increasing rate. The 
pond has beeome eutrophic. 

Eutrophication, like erosion, is a nor- 
mal process. It is the vast acceleration of 
these processes by man under some circum- 
stances that upsets balances and makes life 
difficult. Eutrophication may be diverted 
or short-circuited under some circum- 
stances, even in the absence of disturbance 
by man. In arid regions, especially, the dis- 
solved minerals may accumulate to a point 
at which they inhibit algal growth, and the 
salt or alkali lake becomes nearly sterile. 


A hydrosere may take from a few 
decades to many thousands of years, de- 
pending on the depth and turbulence of 
the water, rate of sedimentation, and other 
factors. A small oxbow lake along the 
Mississippi may be filled in during the life- 
time of a man, but we need not fear an 
imminent disappearance of Lake Superior. 

In the hydrosere, just as in the xero- 
sere, we see that each stage prepares the 
way for the next, causing its own elimina- 


tion. This is a eharacteristic feature of 
plant successions. 


DISTURBANCE AND SECONDARY 
SUCCESSIONS 


The orderly progress of a xerarch or 
hydrarch succession may be interrupted 
or reversed by natural or artificial forces, 
with the vegetation reverting to an earlier 
successional stage or being wholly de- 
stroyed. Agriculture, fire, and overgrazing 
are three of the most important such dis- 
turbing factors. Successions which begin 
on soil after the natural vegetation has 
been destroyed are called secondary suc- 
cessions, in contrast to xeroseres and 
hydroseres, which are primary successions. 


THe OLp-FIELD SUCCESSION 


The old-field succession is a common 
secondary succession. The first plants to 
invade an abandoned field are usually 
annual weeds. Such plants depend on their 


ability to invade rapidly any soil not al- 
ready vegetated. They generally produce 
large amounts of seed and often have 
especially effective means of distribution. 
In parts of the southeastern United States, 
horseweed (Conyza canadensis) is a 
prominent inhabitant of newly abandoned 
fields. The fruits of horseweed are small 
and have a tuft of hairs (the pappus, a 
modified calyx) at one end which helps 
them to float in the breeze. In drier areas 
farther west, tumbleweeds, such as Russian 
thistle (Salsola kali), are common frst 
invaders. A full-grown tumbleweed may 
blow along for miles in the fall, scattering 
seeds as it goes. 

After one to several years, the annual 
weeds begin to give way to perennial 
herbs. These typically have less effective 
means of seed distribution but are better 
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competitors than the annuals. The peren- 
nial herb invaders in turn give way, usu- 
ally within a few years, to other plants, 
either trees, shrubs, or other perennial 
herbs. 

An old-field succession may reach its 
conclusion in as little as a decade, under 
the most favorable conditions, or may take 
more than a century. Establishment of 
the climax vegetation, whatevcr it may 
be, is, of course, hastened if the climax 
species still persist nearby. Climax species 
are more noted for their competitive abil- 
ity than for rapid seed dispersal. ‘The criti- 
cal factor in the old-field succession, in 
contrast to the xerosere, is seed dispersal. 


FIRE 


Fire is one of the most important 
catastrophic influences on vegetation. 
Natural fires, set by lightning, have oc- 
curred sporadically for millions of years. 
Furthermore, accidental and intentional 
fires were as much a product of aboriginal 
human societies as they are of our modern 
civilization. In pre-Columbian America, 
fire doubtless held the boundary between 
the forest and prairie some distance east 
of where it would otherwise have been. 
Likewise in the Congo region the tropi- 
cal rain forest would extend much farther 
south, onto present savanna land, had it 
not been for repeated fires set by the 
natives. 

The effects of fire vary according to 
the severity of the fire, the nature of the 
plant community, and the habitat. A se- 
vere forest fire may destroy the wholc 
biotic community, and if the soil is there- 
after washed away, the area may never (in 
terms of human time) recover. In other 
circumstances some individuals (or sceds) 
survive, and the fire favors some elements 
of the community at the expense of others. 
In the Rocky Mountains, lodgepole pine 
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PRIMARY SUCCESSIONS 
Fig. 39.5 Plant succession on Isle Royale, Michigan. (After W. S. Cooper.) 


(Pinus contorta var. latifolia) is known 
as a fire tree, which comes in rapidly after 
fire, but which eventually gives way to 
other trees in the absence of fire. The 
cones of lodgepole pine remain unopened 
on the tree for many years; they do not 
burn easily, but the heat of a fire makes 
them open. The seeds released onto the 
bare ground after the fire find ideal con- 
ditions for their growth, and a new for- 
est of lodgepole pine is established. Other 
pines are likewise fire trees in much of the 
southeastern United States. 

The great Douglas-fir (Pseudotsuga 
menziesii) forests of the Pacific Northwest 
i raki t, owe their existence to fire. Douglas-fir 
Fig. 39.6 Total destruction by fire in Tillamook seeds, like those of lodgepole pine, germi- 
County, Oregon. (U.S. Forest Service photo by ; ; o RE l 
George E. Griffith in 1941, several years after the nate best in a mineral soil with little or no 
burn.) humus, and the seedlings do not tolerate 
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shade. Western red cedar (Thuja plicata) 
and western hemlock (Tsuga hetero- 
phylla) tend to replace the Douglas fir in 
the absence of fire. Young trees of these 
species are much more shade-tolerant than 
Douglas fir, and the seeds germinate well 
in a soil rich in humus. Douglas fir, having 
a thicker, more fire-resistant bark than the 
cedar and hemlock, is more likely to sur- 
vive a forest fire, and conditions after the 
fire are more favorable to the germination 
of its seeds and establishment of its seed- 
lings. 

In areas where overgrazing has re- 
sulted in increase of sagebrush at the ex- 
pense of grass, as on the upper Snake River 
plains of Idaho, the balance may be swung 
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the other way by fire. Fire kills the sage- 
brush, but most of the grasses survive. 
By careful management the burned area 
may then be maintained as productive 
grassland for many years. Some of the soil 
blows away before the grasses re-establish 
themselves, however, and it is not yet cer- 
tain that the immediate gain in grazing 
value of the land will not be offset by 
eventual destruction of the soil if repeated 
burning becomes necessary to kecp the 
sagebrush down. 


OVERGRAZING 


Overgrazing has had disastrous effects 
on much of the range land in the western 


Fig. 39.7 Results of fire in 
Colorado. Above, near Long’s 
Peak, aspen and some coni- 
fers have come in rapidly. 
Below, Jackstraw Mountain 
had scarcely begun to recover 
in 1953 from a fire of 1872. 
(Photos courtesy of Herman 
F, Becker.) 
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United States and elsewhere in the world. 
An early effect of overgrazing is a decrease 
in abundance of the more palatable 
plants and an increase in the less palatable 
ones. More severe or long-continued abuse 
of the range forces livestock to eat the less 
palatable plants, including even poisonous 
ones. The plant cover diminishes, and 
weedy annuals become common. In Cle- 
mentsian terminology, such a community 
is called a disclimax. 

When the plant cover is diminished 
or destroyed, rain water tends to run off 
quickly, instead of sinking in. The periodic 





Fig. 39.8 Lodgepole-pine for- 
est, after fire in Wyoming. 
The bare soil will form a good 
seedbed for the newly re- 
leased pine seeds. (U.S. For- 
est Service photo by W. R. 
Schaffer.) 


Fig. 39.9 Results of fire on 
the upper Snake River plains 
of Idaho. The area at the left, 
unburned, is dominated by 
sagebrush; that at the right 
has developed a heavy cover 
of grasses after the sagebrush 
was burned out. (U.S. Forest 
Service photo.) 


Hoods which are a natural feature of the 
land are exaggerated, and the streams may 
dry up in the summer. The water running 
off the ground carries some of the soil with 
it, and erosion is thus accelerated. In hilly 
or mountainous regions, an erosion pave- 
ment of pebbles and stones may cover the 
ground surface after the upper part of the 
soil is washed away. A torrential rain may 
then cause a mudflow with a semiliquid 
mixture of water, dirt, rocks, and large 
boulders rampaging down a canyon and 
spilling onto the plain below. Such mud- 
flows caused great damage in parts of 
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Utah and California, especially during the 
1930s, forcibly demonstrating the need for 
grazing control, and stimulating crash pro- 
grams to restore the vegetation in some 
areas. 


POLLUTION: 


Pollution of the watcr and air have be- 
come increasingly important factors ın up- 
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Fig. 39.10 Results of over- 
grazing. Above, in the Uinta 
National Forest, Utah; the 
area to the left of the fence, 
heavily grazed, supports only 
small scattered weedy an- 
nuals; the fenced area at the 
right has a dense cover of 
perennial wheat grass (Agro- 
pyron trachycaulum). Below, 
on the upper Snake River 
plains of Idaho, the ungrazed 
area at the left has many per- 
ennial herbs in addition to 
the sagebrush. (U.S. Forest 
Service photos.) 


setting natural vegetation balances in re- 
cent decades. One type of water pollution 
that is currently receiving much attention 
results in accelerated eutrophication of 
lakes and a variety of unpleasant associated 
consequences. The leaching and runoff of 
nitrates and othcr fertilizers from culti- 
vated fields, combined with sewage dis- 
posal and the discharge of phosphates from 
detergents in household water, fertilizes 
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Fig. 39.11 Results of over- 
grazing. Above, near Rawlins, 
Wyoming. Note how the 
rainwater runs off from the 
relatively flat, barren land, in- 
stead of sinking in. Below, in 
the Uinta National Forest, 
Utah; erosion pavement on 
an open slope. (U.S. Forest 
Service photos, the upper by 
D. F. Costello, the lower by 
1. H. Johnson.) 


Fig. 39.12 A mudflow in 
California in the middle 
1930's. (U.S. Forest Service 
photo.) 


the streams and lakes so much that algal 
growth increases tremendously at the sur- 
face. The algae may even form an inter- 
woven surface mat, resulting in depletion 
of oxygen in the subsurface waters and 
consequent death of fish. Then the algae 
themselves are poisoned by their own 
wastes and they too die. The water becomes 
thoroughly unpleasant, fit only to float 
boats on their way somewhere else. If the 
pollutants, especially the sewage, are too 
concentrated, even the algae cannot grow, 
and all the oxygen in the water is used up 
by decay bacteria working on the sewage. 

Thermal pollution is also playing an 
increasing role in American streams and 
lakes. Certain types of industrial facilities, 
most notably atomic power plants, find it 
convenient to use river water as a coolant. 
The hot water which they turn back into 
the stream is unsuitable for the growth of 
most kinds of organisms. 

The effect of some kinds of atmo- 
spheric pollution on plants is noted in 
Chapter 33, and the progressive increase in 
CO; content of the atmosphere, resulting 
from the burning of fossil fuels, is dis- 
cussed in Chapter 29. 

The effect of the increase in CO2 con- 
tent of the air up to the present is uncer- 
tain. There is no doubt that CO» in the 
air tends to act as a blanket, permitting 
sunlight to enter, but restrieting re-radia- 
tion of heat. If we continue to use fossil 
fuels at present rates, the increase in CO2 
content of the air might cause a net in- 
crease of 2 to 3° C in mean annual tem- 
perature of the earth within 50 to 100 
years. On the other hand, the particulate 
matter that is released into the air by in- 
dustrial processes has the opposite effect, 
and we are as yet unable to measure accu- 
rately the variation in amount of energy 
put out by the sun. The mean annual tem- 
perature of the earth increased by about 
0.6° C between 1880 and 1940, but has 
since then decreased by about 0.2°. The 
relative significance of COs content, par- 
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ticulate matter, and variation of solar ra- 
diation in these changes is still uncertain. 
We may speculate that the effect of the 
CO» and of the particulate matter are now 
in effect canceling each other out, but in 
fact we do not know. 


THE CLASSIFICATION OF PLANT 
COMMUNITIES 


PRINCIPLES 


The aim of all classification 1s to help 
us understand what we know—to relate 
the known facts to each other in a coher- 
ent pattern, so that the whole is actually 
more than the sum of its parts. A taxo- 
nomic classification permits the mere 
name of a plant to call up a large body 
of known facts about its structure, func- 
tions, and evolutionary relationships; the 
geographic distribution of similar indi- 
viduals, the breeding behavior of the plant, 
and a host of other data may now be 
available, if the species has been carefully 
studied. Without the name and classifica- 
tion, this information could only be ob- 
tained by time-consuming study of eaeh 
individual plant. 

Plant communities are similarly classi- 
fied so that the name of a community 
calls up a host of facts. Most ecologists 
will admit that plant communities are 
likely to be less sharply and more arbi- 
tranly defined than species, but arbitrary 
or not, classification is essential to under- 
standing. Some facts that can potentially 
be called up by such a classification are 
the general aspect of the community, its 
stability and place in succession, its flo- 
ristic composition, and the geographic dis- 
tribution of similar communities. Even 
the nature of the climate and soil can be 
determined with considerable accuracy 
from the nature of the plant community. 

The classification of plant communi- 
ties has developed along rather different 
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lines in different parts of the world, due 
both to differences in the nature of the 
vegetation and to the influence of strong 
personalities. Reconciliation of the differ- 
ent schools of thought is not easy, and the 
classification of plant communities is still 
a very controversial subject. 

For several decades after 1900 F. E. 
Clements dominated ecological thought in 
America. His great contribution was his 
emphasis of the climax community as op- 
posed to the seral communities leading up 
to it, and of the climatically controlled 
regional climax, as opposed to the special 
communities in special habitats. In Cle- 
mentsian ecology, the term climax is re- 
served for a single community in each 
region (except in mountainous areas with 
altitudinal zonation), and all other com- 
munities are disposed of in a complex 
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Fig. 39.13 Frederic E. Clements (1874-1945), 
sponsor of the climax concept, who dominated 
American ecological thought for several decades. 
(Photo from Hunt Botanical Library.) 
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series of categories, subclimax, preclimax, 
postclimax, disclimax, etc. This has the 
value of emphasizing the controlling na- 
ture of climate, and of concentrating at- 
tention on the prevailing natural vegeta- 
tion, but it is misleading because it implies 
that some very stable communities are 
merely seral. Clements was so impressed 
with the myriad complex interactions 
among the organisms of a community that 
he compared the whole community to an 
organism, and its organisms to cells. Such 
a comparison makes a good simile, but 
most ecologists now believe that it over- 
states the case, and that Clements was 
Jed into serious error by building too much 
of his theory on the concept that “the 
community is an organism.” Clements was 
also so addicted to terminology as to pro- 
voke the apocryphal quotation, “I am 
ready to begin work for the day. Bring me 
my Greek thesaurus.” 

Clements’ concepts of the monocli- 
max and the organismic nature of plant 
communities stirred up considerable oppo- 
sition, even in his own time. In America 
this opposition was led by H. A. Gleason 
(1882- ), who propounded the indi- 
vidualistic concept of the plant com- 
munity—i.e., that each species has its 
own geographic and ecologic limits, 
that each community differs from every 
other community, and that the transition 
between communities, although in some 
cases sharp, is in other cases very 
gradual. 

The recent trend in America has becn 
toward a synthesis of the seemingly oppo- 
site views of Gleason and Clements. 
Gleason’s argument as to the arbitrary 
nature of much of the classification of 
communities is accepted, but the need for 
classification is also recognized, and 
Clements’ concept of the climatically de- 
termined regional climax is accepted as the 
foundation, or at least the starting point, 
for a theory of classification. The trend has 


also been toward a polyclimax rather than 
a monoclimax interpretation, but this is 
chiefly a matter of terminology. In mono- 
climax theory, there is only one true cli- 
max community in each region, and this 
is determined by the climate. A persistent, 
stable community which because of spe- 
cial local conditions is more xerophytic 
than the regional climax (such as the oak- 
hickory forest on the red drift in Minne- 
sota, or such as the relatively xerophytic 
communities on serpentine barrens in 
various regions) is called a preclimax; and 
one which is less xerophytic than the cli- 
max (such as the band of trees along a 
stream in grasslands) is a postclimax. In 
polyclimax theory, each of these stable 
types is recognized as a climax, but it is 
admitted that in any region one of the 
elimax types is usually more abundant 
than the othcrs. 

This approaching synthesis of views 
is, in fact, welcomed by Gleason, whose 
published dissents from Clementsian con- 
cepts naturally emphasized the fallacies, 
as he saw them, of Clementsian ecology, 
rather than the area of agreement. 

In temperate and boreal regions, a 
few species or genera are usually so com- 
mon and conspicuous in each community 
that they dominate its appearance. In 
America it is customary to name the com- 
munity in each case for the dominant 
genera or species. Thus we have the beech- 
maple-hemlock community in New Eng- 
land, the live-oak-magnolia community in 
the southcastern United States, and the 
cedar-hemlock community in the Pacific 
Northwest. These are, of coursc, not the 
only plant communities in their respective 
regions, but each is a climax community 
of some importance. 

European ecologists tend to define 
plant communities more narrowly than 
their American colleagues do. In the Scan- 
dinavian region, where a coniferous forcst 
of monotcnous sameness dominates much 
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of the landscape, emphasis has been laid 
on the shrub understory in the forest as a 
basis for classification. Elsewhere in Eu- 
rope, especially toward the south, so much 
of the land is farmed or otherwise occu- 
pied by man that the “natural” vegetation 
occurs mostly in small, scattered patches. 
Even in these communities, there has been 
so much disturbance that the original 
nature of the vegetation is problematical. 
The climax concept, which has been so 
useful in America and some other less-de- 
veloped parts of the world, has therefore 
scarcely taken root in Europe. Instead 
the emphasis has been on detailed analy- 
ses of narrowly defined communities of 
limited geographic extent, even a com- 
munity the size of a small classroom 
often being considered worthy of atten- 
tion. 


METHODS OF SAMPLING 


In a broad-scale ecological reconnais- 
sance, the dominant and otherwise com- 
mon species may be determined by general 
observation, without precise sampling tech- 
niques. It requires no statistical analysis 
to show that ponderosa pine dominates 
the Kaibab plateau in northern Arizona; 
likewise sagebrush on the Snake River 
plains of Idaho. 

In a more detailed analysis, in which 
some attention is paid to the floristic com- 
position of the community as well as to 
the dominant species, some sort of sam- 
pling is necessary. Obviously it 1s not prac- 
tical to count all the individuals of each 
species even in relatively small communi- 
ties. 

Small areas selected as samples for 
detailed study are callcd quadrats. Typi- 
cally a quadrat is 1 meter square, but other 
sizes and shapes are sometimes used. A 
quadrat may even be round, instead of 
four-sided as the name would imply. 
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The method of locating quadrats is 
highly controversial. Should they be sub- 
jectively placed in “typical” spots, should 
they form a regular grid, or should they 
be mathematically at random? Should a 
quadrat falling on an obviously unusual 
spot be moved, or should one rely on a 
large number of quadrats to balance such 
abnormalities? Each of these methods has 
its adherents, and the results vary accord- 
ingly. 

There are also various methods of tak- 
ing data from the quadrats. The simplest 
way 1s merely to record the species present. 
More often the number of individuals or 
the total ground cover of each species is 
also recorded. For permanent quadrats, 
which are examined year after year to 
detcct changes in the community, the po- 
sition and basal area of each plant may 
be mapped. 

The more the total floristic composi- 
tion of the community is emphasized (as 
opposed to the few dominant species), and 
the more finely the communities are clas- 
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sified, the.more important quadrat sam- 
pling becomes. It is, therefore, only to be 
expected that quadrats are more used in 
Europe than in America, and that thcir 
use in America is increasing. They have 
been used most of all in northern Europe, 
where the total number of species is small, 
and where the distinction between similar 
plant communities has been carried to its 
greatest extreme. The great Swiss ecologist 
Josias Braun-Blanquet (1884-  ), who 
dominated ecological thinking in Europe 
almost as much as Clements did in Amer- 
ica, once referred to some Scandinavian 
ecologists as Herren Quadratiker, a name 
which some American ecologists might 
have thought appropriate for Braun- 
Blanquet and his associates. 

Another method of sampling vegeta- 
tion is to record the plants growing along 
a line transect. The transect can be treated 
as a very long, narrow quadrat, or as a true 
line with no width. Line transects are par- 
ticularly useful in showing the transition 
from one plant community to another. 
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ated by Hulthemia persica, a plant which livestock 
refuse to eat. The abundance of Hulthemia and absence of other plants indicate severe 
overgrazing. DuWayne Goodwin, American ecologist, in center. 





THe Units oF CLASSIFICATION 


The broadest category into which 
plant communities are classified is the 
formation. This is also the category about 
which there is the most-general agreement. 

Formations are defined on the basis of 
the aspect of the vegetation rather than 
on the floristic composition. The same 
formation may occur on several continents, 





PLANT COMMUNITIES 813 


with different sets of dominant species in 
various areas. All arctic tundra land can 
be referred to a single formation, for ex- 
ample, and all tropical rain forest to an- 
other, regardless of the species present. 
The northern coniferous forest, which 
stretches around the world just south of 
the arctic tundra, makes up another forma- 
tion. ‘There is as yet no generally accepted 
scheme for classifying the major vegeta- 


Fig. 39.15 Recovery of land 
in Mississippi. Upper picture, 
taken in 1948 by Dan O. 
Todd, shows an abandoned, 
eroded field. Lower picture, 
taken in 1957 after the field 
had been planted with pines; 
note also the improvement of 
grass cover in the foreground. 
(U.S. Forest Service photos.) 
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tion types of the world into a definite set 
of formations, but such a scheme is now 
nearly within our grasp. 

Formations represent climax or near- 
climax communities, at least by implica- 
tion. Obviously seral communities, such 
as the moss-mat stage in a xerosere, are 
excluded from consideration. A seral com- 
munity which has advanced far enough so 
that the dominant species have the same 
general aspect as those of the climax com- 
munity is included within the regional 
formation, however. Thus the deciduous- 
forest formation of the eastern United 
States includes seral swamp forests which 
are dominated by deciduous trees. 

Formations are generally divided into 
associations, based on the floristic composi- 
tion of the communities. There is a great 
deal of difference of opinion as to how 
broadly associations should be defined. In 
America it 1s customary to use a rather 
broad definition, based primarily on the 
dominant species or genera. Thus the 
deciduous-forest formation includes the 
maple-basswood association, the beech- 
maple association, the oak-hickory asso- 
ciation, and several others; in each case 
the association is named and defined on the 
basis of the characteristic dominant trees. 

European ecologists generally define 
associations more narrowly than their 
American colleagues do, using the herbs 
and shrubs of the understory as well as the 
trees of the forest. There is practically no 
limit to how finely communities may be 
classified by taking the whole floristic com- 
position into account, and real agreement 
on how associations should be defined is 
not yet in sight. 

In Clementsian ecology the term as- 
sociation was reserved for the climax com- 
munity in a monoclimactic scheme, and 
the term associes was used for comparable 
seral communities. The present tendency 
is to avoid this distinction and to extend 
the term association to cover seral com- 
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munities as well. Even the term association 
may be abandoned in favor of the more 
general term plant community, which car- 
ries no implication as to seral status, geo- 
graphic extent, or floristic complexity. 

Many European ecologists use a 
formal binomial nomenclature for plant 
communities, following Braun-Blanquet. In 
this system the “generie’” name of an asso- 
clation is formed by adding -etum to the 
stem of the most characteristic genus of 
the community, and the “specific epithet” 
is usually formed by converting into geni- 
tive form the specific epithet of the most 
characteristic species of that genus in the 
community. Thus a forest characterized by 
white oak (Quercus alba) would be a Quer- 
cetum albae. ‘The associations may then be 
classified into groups of higher rank, with 
the endings -ion and -alis. A group of 
Ouercetums would make up a Quercion, 
and a group of Quercions would make up 
a Quercalis. 

The “characteristic” genera and spe- 
cies by which communities are named in 
the Braun-Blanquet system are not neces- 
sarily the most common or conspicuous 
plants of the community. The consistency 
of their presence in the community, and 
their absence from other similar communi- 
ties, are considered more important. 

The Braun-Blanquet system has not 
been widely accepted by American ecolo- 
gists, who mostly prefer more broadly de- 
fined associations, informally named for 
the one or few dominant spccies of the 
community. Aside from differences of opin- 
ion on how broadly or narrowly associa- 
tions should be defined, the Braun-Blan- 
quet system has been assailed on gram- 
matical, practical, and philosophical 
grounds. ‘These arguments arc perhaps 
beyond the scope of an elementary text 
designed for students in a country where 
the Braun-Blanquet system, important 
though it is on the mainland of Europe, 
has made little headway. 
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Vertical zonation of vegetation in Spain. The dominant trees are Scotch pine (Pinus 
sylvestris) below, beech (Fagus sylvatica) in the middle, and mountain pine (Pinus 
montana) above (both above and below the cliffs). (Photo courtesy of José Cuatrecasas.) 
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INTRODUCTION 


The angiosperms, which dominate 
most of the land vegetation of the earth, 
evidently originated as a group of woody 
plants in moist tropical regions. The tropics 
still harbor by far the greatest number of 
genera and species of angiosperms. A great 
many species, with comparatively few in- 
dividuals of each, commonly enter into 
tropical climax communities. 

As one travels toward the poles, the 
number of spccies in the community tends 
to decrease, and (short of the most barren 
tundra) the number of individuals of each 
species increases. In temperate and boreal 
regions, it is often possible to pick out 
only a few species, or even a single species, 
as the dominants which give the com- 
munity its essential character. 

The most important variable factors 
in the physical environment of land plants 
are moisture and temperature. Direct re- 
sistance to low temperature is governed 
primarily by physiological features of the 
protoplasm which find little, if any, ex- 
pression in the external morphology of 
the plant. The number of species of land 
plants that cannot withstand frost is much 
greater than the numbcr that can, and 
the decreasing total number of species as 
one travels away from the tropics is largely 
a reflection of the difficulty of evolutionary 
adaptation to low temperature; but frost- 
resistant plants do not look obviously dif- 
ferent as a group from frost-sensitive ones. 
Temperature does affect the aspect of the 
vegetation, but the effects may be in- 
direct and are not always immediately 
obvious. 

Adaptation to moisture conditions, in 
contrast to adaptation to low temperature, 
commonly does find a morphological ex- 
pression, although the physiology, of 
course, is also involved. The size and 
longevity of the plant, and the size, shape, 
number, texture, duration, and position of 
the leaves are all more or less closely cor- 


related with adaptation to moisture condi- 
tions. As we have pointed out in Chapter 
27, moisture conditions are also influenced 
by temperature; even winter killing is often 
due to physiological drought rather than 
directly to low temperature. The aspect of 
the natural vegetation provides a good 
key to moisture conditions, and to some 
extent also to temperature conditions, in 
any region. 


TYPES oF VEGETATION 


Most of the major formations of land 
vegetation can be classified as forest, grass- 
land, desert, or tundra. The bordcrs be- 
tween these types, especially the first 
three, are not always sharp, and there are 
transitional types. Savanna (Fig. 40.1), 
with widely scattered small trees, is inter- 
mediate between forest and grassland. 

The tundra vegetation covers arctic 
and alpine areas that arc too cold to per- 
mit forest growth. Of course, other factors 
such as soil and wind enter into the mat- 
ter, but it is the long, cold winter and the 
short, cool growing season which put the 
plants at such a disadvantage that other 
factors can turn the balance. The nature 
of tundra vegetation is discussed on pp. 
820-824. 

Outside the tundra regions, any area 
with adequate moisture usually supports 
some kind of forest formation. ‘The po- 
tential evaporation, as well as the amount 
of precipitation, is important in governing 
the moisture conditions. Even the sea- 
sonal distribution and the rate of runoff 
are significant. 

The most generally useful index of 
moisture conditions is the p/e ratio, in 
which p is the annual precipitation, and e 
is the potential annual evaporation from 
a free water surface. In general, a p/e ratio 
of about 1 or more will permit forest 
growth; some semidesert forests, such as 
the pifion-juniper association in the west- 
ern United States, thrive at ratios well 
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Fig. 40.1 Oak (Quercus dumosa) savanna in Monterey County, California. (U.S. Forest 


Service photo by H. Wieslander.) 


under 1. In subarctic flatlands, with a low 
potential evaporation and slow runoff, an 
annual precipitation of only 10-15 inches 
will support a dense forest; tropical re- 
gions with the same amount of precipita- 
tion are deserts. 

As the p/e ratio decreases, forest gives 
way to grassland, and the grassland even- 
tually to desert; or the forest may pass di- 
rectly into the desert. Grassland generally 
requires not only more moisture than 
desert, but also a better seasonal distribu- 
tion; there must be a fair supply of water 
through a reasonably long growing season. 

Desert vegetation consists chiefly of 
very deep-rooted plants (often shrubs), 
very shallow-rooted plants (often suc- 
culents, such as many cacti) and ephcm- 
erals. The deep-rooted plants draw on a 
moisture supply not available to others; 
the very shallow-rooted plants can benefit 
from even the lightest rain but require 
such potcnt means of transpiration con- 
trol as to restrict also the rate of photo- 
synthesis and growth; and the ephemerals 


complete their life cycle in a few wecks 
during the most favorable part of the year. 

Most grasses require less moisture 
than most trees, but they are not especially 
deep-rooted, and they generally lack the 
special adaptations of desert plants. If a 
fair amount of moisture is available dur- 
ing the growing season, the grasses blanket 
the ground and soak up the rain as it falls. 
They grow fastcr than the shallow-rooted 
desert types, and they do not let much 
moisture sink to the level worked by the 
deeper-rooted ones. The desert ephemcrals 
are also crowded out, finding no bare 
ground to get started in. Grasses also do 
well under moisture conditions suitable 
for forests, if the trees are kept down by 
fire or otherwise. Forest and desert com- 
munitics include some grasses, of course, 
but not as dominant elements. 

We have noted that the climax land 
vegetation, in regions of adequate mois- 
ture and temperature, is generally a forest. 
In moist, tropical regions without a pro- 
nounced dry season, this forest consists 


of evergreen angiosperms. In tropical re- 
gions with alternating wet and dry sea- 
sons, the trees typically drop their leaves 
at the beginning of the dry season. To the 
northward, winter is in effect a dry season, 
because the ground water is likely to be 
frozen and not readily available for absorp- 
tion. This environmental challenge is like- 
wise met by adoption of the deciduous 
habit, as long as there is an adequate grow- 
ing season. 

As one travels still farther north and 
the growing season gets progressively 
shorter, the deciduous habit becomes pro- 
gressively less adequate to meet the situa- 
tion. The production of a new crop of 
leaves each year, only to lose them after a 
brief growing season, represents a tre- 
mendous waste of energy. In these colder 
regions the coniferous forests come into 
their own. The trees are evergreen, and 
each season’s crop of leaves lasts several 
years. Photosynthesis is not restricted to 
the brief summer but occurs any day the 
temperature rises a little above freezing. 
The firm, needle-like leaves withstand 
desiccation in the winter as ordinary 
leaves could not. (The relation of the 
sclerophyllous habit to drought resistance 
is discussed in Chapter 27.) 

The conifers are not restricted to the 
far northern woods, but this is the largest 
region in which their features give them a 
competitive advantage over angiosperms. 
Elsewhere conifers are mostly found in 
areas a little too dry for broad-leaved trees, 
especially where there is a summer drought, 
or in areas subject to repeated fire, or in 
the mountains at altitudes where condi- 
tions approach those of the north woods. 
Each species, of course, has its own set of 
requirements and competitive abilities, and 
sometimes these permit conifers to grow 
intermingled with angiosperm trees, as in 
the beech-maple-hemlock forest of New 
England. 

The most important single feature 
which gives angiosperm trees a competi- 
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Fig. 40.2 Linanthus parryae, an ephemeral an- 
nual, in the Mojave desert of California in April; 
the flowers on some plants are violet, on others 
white. (Photo courtesy of Rupert C. Barneby.) 


tive advantage over coniferous trees in so 
mueh of the world is the presence of ves- 
sels in angiosperm wood. The vessel-bear- 
ing wood of angiosperms permits a more 
rapid delivery of water to the leaves than 
does the slow-acting tracheid-system of 
conifers. Fhe angiosperms can thus expose 
a larger transpiring (and photosynthetic) 
surface to the sun without suffering fatal 
desiccation. 


Lıfe Forms 


In some ecological studies, it is useful 
to elassify plants according to the position 
of the vegetative buds which survive the 
most unfavorable part of the year. Trees 
and shrubs, in which the buds are well 
above the ground, are called phanero- 
phytes. Plants with the dormant buds at 
or barely above the ground level are called 
chamaephytes. Plants with the dormant 
buds borne just beneath the soil surface 
are called hemicryptophytes. Cryptophytes 
have deeply buried buds, often associated 
with food-storage organs such as bulbs or 
tubers. Therophytes survive the dry or cold 
season only as seeds; 1.e., they are strictly 
annual. 

Phanerophytes offer the least protec- 
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tion to the buds. The vast majority of 
vaseular plants in tropical regions that are 
not too dry are phanerophytes. Phanero- 
phytes are also abundant in temperate 
regions, but not to the exclusion of other 
types. Chamaephytes, hemicryptophytes, 
cryptophytes, and therophytes provide in- 
creasing degrees of protection to the parts 
which overwinter or survive the dry season, 
and they are progressively more abundant 
in colder or drier regions. Therophytcs, 
which have the best protection of all, 
have also the disadvantage of not persist- 
ing as established plants from ycar to 
year, and they do not generally compete 
well with perennial plants in sites where 
the latter can survive. It is no accident 
that the only regions in which annual 
plants are a significant part of the climax 
community are deserts. 


THE VEGETATION OF NORTH 
AMERICA 


TUNDRA 


The arctic tundra covers the north- 
ernmost parts of North America and Eur- 
asia, north of the boreal forest. ‘The most 
characteristic features of the arctic tundra 


are the absence of trees and the presence 
of permafrost (permanently frozen soil) 
at a depth of a few inches to a few feet. 
The depth to which roots penetrate is gov- 
erned by the depth to which the ground 
thaws in the summer. Much of the ground 
surface is spongy and hummocky, because 
of the winter freezing and summer thawing 
(Fig. 40.3). In the moister areas the 
ground often cracks into rough polygons 
15-25 feet across, the cracks being filled 
with deep ice wedges which thaw at the 
surface in the summer. 

The growing season in the tundra 
region is short, generally only 2-3 months, 
and thcre may be frost any day of the 
year. Even in the brief summer there is 
often much fog and mist. During clear 
weather, the temperature may rise as high 
as On a summer day in the United States, 
and the long or continuous days permit 
rapid growth. 

The precipitation in tundra regions is 
not high, but the potential evaporation is 
generally even less, and the runoff is usu- 
ally slow. Much of the land is flat and 
poorly drained, with a sticky, typically 
blue-gray soil that is rich in organic mat- 
ter and more or less saturated with water. 
Mountainous parts of the arctic pull down 
more snow in the winter than the low- 





Fig. 40.3 Hummocky tundra along the arctic coast of Norway. 
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lands and are likely to be continuously ranks with Baron Miinchhausen in his re- 
ice-covered. Even in the summer only a spect for the truth. 

narrow fringe of Greenland is ice-free, and Grasses, sedges, small dicotyledonous 
the enthusiastic Viking who named it herbs, low shrubs, lichens, and mosses are 
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Fig. 40.4 Distribution of the major vegetational types in North America. (After Transeau.) 








822 INTRODUCTORY BOTANY 


the principal elements of tundra vegeta- 
tion. Toward the south the plants cover 
most of the soil, and shrubs, especially low 
evergreen members of the heath family, are 
not uncommon. Much of the land may 
have a brilliant blanket of flowers in July 
and August, and thickets of birch, willow, 
and alder may be taller than a man along 
the streams. 

Northward the plant cover is progres- 
sively sparser. Mosses and lichens make up 
an increasing part of the community, not 
so much by an increase in their own num- 
bers as by a decrease in the other plants. 
Displays of showy flowers are more re- 
stricted to south slopes or otherwise pro- 
tected spots, and a willow thicket may be 
only an inch or so high, resembling a 
clover lawn. Grasses, sedges, arid peat moss 
are common in the moister spots. 

Perhaps the most characteristic single 
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genus of the arctic tundra is Cladonia, the 
“reindeer moss,” actually a fruticose lichen 
commonly a few inches tall. Among the 
true mosses, Polytrichum (hairy-cap moss) 
is common in dry places, and Sphagyum 
(peat moss) in wet ones. Carex and Erio- 
phorum (cotton grass) are common sedges, 
and Poa (bluegrass) is a common grass. 
Ranunculus (buttercup), Pedicularis (louse- 
wort), Saxifraga, Draba, and Polemonium 
(Jacob’s-ladder) are common herbaceous 
dicots. 

To the south, the arctic tundra gives 
way to the boreal forest in the lowlands 
and merges with the alpine tundra in the 
mountains. The timberline which marks 
the lower limits of the alpine tundra cor- 
responds to the treeline of the far north. 
The northern treeline, however, unlike the 
often fairly sharp timberline of the moun- 
tains, commonly spreads ovcr a broad belt, 


Fig. 40.5 Alpine tundra and bits of timberline forest in the Beartooth Mountains on the 
Montana-Wyoming border. (U.S. Forest Service photo by Bluford W. Muir.) 


often 100 miles wide, in which trees are 
progressively restricted to the most pro- 
tected habitats. 

The vegetation and the environment 
of the alpine tundra (Fig. 40.5) resemble 
those of the arctic tundra at first glance, 
but there are significant differences. Alpine 
tundra is not generally underlain by perma- 
frost, and the topography is generally 
rougher, so that much of the land is better 
drained. The growing season is longer, but 
the days are shorter. Mosses and lichens 
are much less prominent parts of the vege- 
tation, and the flower-garden aspect is 
often even more pronounced. Many spe- 
cles are especially adapted to the rock 
crevices and talus slopes which are so 
abundant in the mountains. Most of the 
common genera and even many of the spe- 
cles of angiosperms in the alpine tundra of 
the United States are the same as, or 
closely related to, those of the arctic, and 
a person familiar with the flora of one 
would also feel at home in the other. 
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The alpine tundra is restricted to pro- 
gressively higher elevations as one travels 
southward in Canada and the United 
States. In the east, it barely reaches the 
higher mountains of New England and 
northern New York. In the western cordil- 
lera, the mountaintops even as far south as 
Mcxico reach above timberline. The actual 
elevation of the timberline varies with the 
snowfall as well as the latitude. Other 
things being equal, 1 mile of latitude 
equals about 4 fect of altitude, but in the 
dry mountains of central Idaho, the tim- 
berline is near 10,000 feet, in contrast to 
about 7000 feet on Mt. Hood in the 
moister Cascade Mountains at the same 
latitude in Oregon. 

Even in the tropics many mountains 
reach above timberline and have a zone of 
alpine tundra, usually beginning at cleva- 
tions of 12,000-15,000 feet. In the Andes 
of South America, such communities are 
called paramos (Fig. 40.6). Unlike the al- 
pine tundra of North America, the para- 
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Fig. 40.6 Paramo vegetation at about 11,000 feet in Colombia; the large shrub is Espeletia, 


a composite. (Photo courtesy of José Cuatrecasas.) 
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mos often have a sprinkling of stout, semi- 
woody, sparsely branched shrubs. These 
are a distinctive ecological type which has 
evolved independently in sevcral different 
groups, especially members of the family 
Compositae. 


Tue BOREAL FOREST 


The boreal forest forms a broad belt, 
up to 500 miles wide, across Canada and 


Alaska just south of the tundra, extending 
farther north in the west than in the east, 
and dipping into the United States around 
Lake Superior. It is dominated by conifers 
and is often called the northern coniferous 
forest. The same formation extends across 
Siberia and into northern Europe. 

Much of the boreal forest is a land of 
low relief, with many lakes and slow 
streams and extensive boggy areas. The 
bogs are often covered with mosses such 
as Sphagnum and Polytrichum, and are 
then called muskegs. Away from the bogs, 
the soil is typically pale and sandy beneath 
a layer of slowly decaying litter and humus. 
The precipitation is not very high, about 
10-20 inches per year, but is still more 
than the potential evaporation. The grow- 
ing season is only 3-4 months, and there 
may be frost at any time. Wintcrs are cold 
and snowy, and on the coldest nights a tree 
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may burst, with a sound like a rifle shot, as 
the sap freezes. 

The trees of the boreal forest are 
small, seldom over 50 feet tall or with a 
trunk over 2 feet thick, but they may form 
a very dense cover. One mile an hour is 
fast—and exhausting—progress for a man 
making his way through such a forest, 
ducking under low branches, climbing over 
fallen trees, circling to avoid perilous 
muskeg, and searching for nonexistent 
landmarks to keep his bearings. In drier 
areas, on the other hand, the trees may be 
well spaced, with but little undergrowth. 

The most characteristic tree of the 
boreal forest (Fig. 40.7) in America is 
white spruce (Picea glauca). East of the 
Rocky Mountains it is commonly asso- 
ciated with balsam fir (Abies balsamea). 
Black spruce (Picea mariana) and tamarack 
(Larix laricina, a deciduous conifer) are 
also abundant, especially in the wetter 
sites. Paper birch (Betula papyrifera), 
aspen (Populus tremuloides), balsam pop- 
lar ( Populus balsamifera), and jack pine 
(Pinus banksiana) are common seral trees 
in the boreal forest, which often come in 
rapidly after fire or other disturbance, but 
eventually give way to spruce and fir. In 
some areas toward the west and north, how- 
ever, some of these trees approach climax 
status. 


Fig. 40.7 Virgin spruce-fir 
forest in Quebec. (From 
Pierre Dansereau, Biogeog- 
raphy, 1957. Copyright by 
Ronald Press, New York.) 


The boreal forest or its ecological 
equivalent extends southward at increas- 
ing elevations in the Appalachian Moun- 
tains and in the western cordillera. The 
white spruce of the true boreal forest gives 
Way progressively to red spruce (Picea 
rubens) in the Appalachian extension, and 
in the southern Appalachians Abies bal- 
samea is replaced by the very elosely re- 
lated A. fraseri. This Appalachian conifer- 
ous forest, which reaches south to the 
Great Smoky Mountains of North Caro- 
lina, is often treated as a separate associa- 
tion of the boreal-forest formation, marked 
by the presence of red spruce. The western 
mountain extension of the boreal forest is, 
for convenience, treated as part of the 
Rocky Mountain forest formation, which, 
like the boreal forest, is dominated by co- 
nifers. 
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THe Hemuockx-Harpwoop Forest 


The hemlock-hardwood forest is the 
characteristic formation of most of the 
New England region, extending west to 
the Great Lakes, and south in the Ap- 
palachians to northern Georgia. The 
beech-maple-hemlock association (Fagus 
grandifolia, Acer saccharum, and Tsuga 
canadensis) is thc most common climax 
association of the region. Beech and maple 
are also important elements of the de- 
ciduous forest to the south, and it is only 
the hemlock which gives the community a 
distinctive aspect that keeps it from being 
classified with the deciduous-forest forma- 
tion. 

White pine (Pinus strobus) forms a 
long-persistent subclimax (Fig. 40.8) asso- 
ciated with fire or other disturbance in 


Fig. 40.8 White pine (Pinus 
strobus) with an understory 
of mixed hardwoods in Shef- 
field, Mass. Given freedom 
from disturbance, the pine 
will eventually be replaced 
by the hardwoods. (U.S. For- 
est Service photo by Leland 
j. Prater.) 
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much of the hemlock-hardwood forest re- 
gion. Most of the once extensive stands 
of white pine have long since fallen to the 
lumberman’s axe. 


Tue Eastern Decipuous FOREST 


The deciduous forest is a complex 
formation which once covered hundreds 
of thousands of square miles in the eastern 
half of the United States. Many of the 
trees were tall and stately, well over 100 
feet high. Most of this virgin forest has 
now been destroyed. Farms, cities, roads, 
and suburban homes cover much of the 
land. Elsewhere the forest is in various 
stages of secondary succession after having 
been cut over. In some areas the plant 
cover has returned to something near its 
original state, except that the trees are not 
yet so large. 

The trees of the deciduous forest form 
an almost complete crown cover, so that 
very little direct sunlight reaches the 
ground in summer. There is generally a 
well-developed understory of shrubs and 
herbs, but walking through the forest 1s 
easy and pleasant. A number of low 
herbs, sueh as spring beauty (Claytonia), 
anemone, hepatica, trilium, and violets 
bloom in early spring, before the trees have 
leafed out, and complete most or all of 
their growth within a few weeks thereafter. 
A succession of other plants bloom through- 
out the season, but these are not usually 
abundant and showy enough to produce a 
flower-garden effect. 

The climate of the deciduous-forest 
region is in general moderate. To the north, 
the formation is limited by the increasing 
severity of the winters and the shortness of 
the growing season, to the west by decreas- 
ing rainfall and humidity, and to the south 
by the sterile, sandy soil and recurrent fires 
which favor the pine forests. 

The deciduous forest attains its most 
favorable development in the moist val- 
leys and slopes in the southern Appa- 
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lachian Mountains. More than two dozen 
kinds of trees have climax status in this 
mixed mesophytic forest. Among these are 
species of basswood (Tilia), beech (Fagus), 
buckeye (Aesculus), hickory (Carya), mag- 
nolia, maple (Acer), oak (Quercus), and 
tulip tree (Liriodendron). 

The number of climax dominants in 
the deciduous forest thins out in all di- 
rections from the southern Appalachian 
center. To the northward, beech (Fagus 
grandifolia), and sugar maple (Acer sac- 
charum) are increasingly abundant on the 
better soils, with oak and hickory often 
occupying the drier or more exposed sites. 
To the far northwest, in Wisconsin and 
Minnesota, the beech-maple association 
gives way to the maple-basswood associa- 
tion as the beech drops out and is replaced 
by basswood. The oak-hickory association 
(Fig. 40.9), confined to the poorer sites in 
the beech-maple and maple-basswood re- 
gions, 1s the main climax community in 
the more southern part of the deciduons 
forest (outside the Appalachian region). 
Toward the western edge of the oak- 
hickory forest, as one approaches the grass- 
land, the trees become smaller and more 
scattered, and toward the southwest there 
is some savanna vegetation with the trees 
widely scattered among the grasses. 

East of the mixed mesophytic forest, 
there was once a long fringe of oak-chest- 
nut climax, extending from Georgia to 
southern New England. The destruction 
of the chestnut since 1900 by the chestnut 
blight has changed much of this to an oak 
or oak-hickory association. 


THE SOUTHEASTERN EVERGREEN FOREST 


The coastal plain of the Atlantic and 
Gulf states, from New Jersey to Florida 
and the border of ‘Texas, is characterized 
by extensive pine forests. Northward, as in 
New Jersey, pitch pine (Pinus rigida) 1s 
the dominant species; farthcr south lob- 
lolly pine (P. taeda, Fig. 40.10), slash pine 
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(P. caribaea), and longleaf pine (P. palus- 
tris) are more abundant. These are mostly 
rather small or medium-sized trees, al- 
though longleaf pine reaches a consider- 
able size, up to 100 or even 130 feet. 

The continued dominance of pines in 
this large area depends on repeated fires 
which have occurred for ages past and con- 
tinue to occur. When the pine forest is 
dense, it may be burned to the ground, but 
some of the species sprout again from just 
below the surface. Furthermore, the fire 
hastens the opening of cones which have 
remained closed on the tree for years, and 
the newly released seeds germinate well 
in the bare mineral soil. Where the trees 
are more scattered, the ground is often 
covered by wiregrass (Aristida) and other 
low herbs which become tinder-dry in late 
summer and fall, Such areas may be burned 
every year without significant damage to 
the established trees. 

When protected from fire, the pine 
forests eventually give way to angiosperm 
forests. Over much of the region, oak and 
hickory would be the climax dominants 
except for fire; in some areas, especially 
southward, live oak (i.e., evergreen oak) 
and magnolia would dominate instead. 
Much of the coastal plain has a sterile, 


sandy soil which is low in mineral nutri- 


ents and does not hold water very well. 
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In this soil the pines are at less of a corn- 
petitive disadvantage vis-a-vis the broad- 
leaved trees than they are in the better soil 
farther inland, and the influence of fire 
becomes decisive. Whether the whole for- 
est burns down or whether the undergrowth 
is merely burned off, the newly burned land 
is more suitable for pine seeds than for 
those of broad-leaved trees, which gen- 
erally prefer a soil with more humus and 
often need shade when young. The very 
abundance of pines insures that most of 
the tree seeds reaching the soil will be 
pines rather than angiosperms. These con- 
ditions reinforce each other, to the benefit 
of the pines. 

In the better soils farther inland, pines 
still occur in inhospitable sites and as fire 
trees, but fire is not enough to hold the 
balance permanently in their favor over 
large areas. 

On the outer coastal plain, the water 
table is seldom very far below the surface 
and many areas are periodically or perma- 
nently flooded. Marshes with permanently 
standing water are usually dominated by 
coarse grasses and rushes (Fig. 40.11). 
Places where water stands most, but not 
all, of the vear commonly support forests 
(Fig. 40.12) of bald cypress (Taxodium 
distichum). The irregular, knobby “knees” 
which grow up from cypress roots and ex- 


Fig. 40.11 Marshes in Flor- 
ida, with hammocks of trees 
where the ground rises a lit- 
tle higher than the average. 
(Photo courtesy of the Field 
Museum of Natural History.) 
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Fig. 40.12 Bald cypress swamp in Louisiana. (U.S. 
Forest Service photo.) 


tend above the water have sometimes been 
thought to be aerating organs, but their 
anatomy does not support this view; no 
special function can be certainly assigned 
to them. In areas flooded for a shorter 
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period, broad-leaved trees such as gum 
(Nyssa) and ash (Fraxinus) are mixed with 
the cypress or replacc it entirely. These an- 
giospermous swamp forests in turn pass 
into the permanently wet but seldom 
flooded bogs, called pocosins, which are 
typically dominated by evergreen shrubs 
and small trees, usually with a ground 
eover of Sphagnum. Burned over pocosins 
often grow up to a long-persistent bog 
forest (Fig. 40.13) of white cedar (Chamae- 
cyparis thyoides). 


THe GRASSLANDS 


Two hundred years ago central North 
America was a great grassland, 1500 miles 
long from north to south and more than 
500 miles wide over most of its length. 
It was bounded on the north by the boreal 
forest, on the south by desert, on the west 
by the Rocky Mountains, and on the east 
by the deciduous forest. An irregular and 
interrupted “prairie peninsula” extended 
eastward through the present state of Il- 
linois and even into Ohio. Other herbs, es- 
pecially various legumes and composites, 
were liberally sprinkled among the grasses, 
and there were striking changes in the sea- 


Fig. 40.13 White-cedar 
swamp, a persistent sub- 
climax, in southern New Jer- 
sey. (Photo courtesy of Jack 
McCormick.) 
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sonal aspect of the prairie as cach species 
in turn came into bloom. Most of this 
former grassland is now farm land. 

This central grassland is, or was, 
roughly divisible into three north-south 
strips, the tall-grass prairie to the east, the 
short-grass prairie to the west, and the 
mixed-grass praitie in between. The zona- 
tion reflects the increasing aridity from east 
to west. 

The boundaries between the tall-grass 
and the mixed-grass, and between the 
mixed-grass and short-grass prairies were it- 
regular and unstable. In the drier, more 
exposed sites, the short-grass type extended 
into the mixed-ġrass region, and the mixed- 
grass type extended into the tall-grass re- 
gion; in the swales, with better moisture 
supply, the situation was reversed. A serics 
of dry years would shove both boundaries 
east, and wet years would push them west 
again. 

In the tall-grass prairie, the grasses 
formed a dense cover commonly 4--6 or 
even 10 feet tall, and, at least in the more 
favorable sites, a tough thick sod was 
formed. Big bluestem (Andropogon gerar- 
dii), little bluestem (Andropogon sco- 
parius), and Indian grass (Sorghastrum 
nutans) were among the commonest of 
many climax dominants, but there was a 
great deal of local and regional variation. 
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The deep, dark, fertile soil of the tall- 
grass prairie region is as good as any soil 
in the world, and the original vegetation 
has now been almost entirely replaced by 
productive farms, bustling cities, and other 
appurtenances of civilization. Much of the 
corn belt of the United States les in the 
tall-grass prairie region, as do millions of 
acres devoted to wheat, cotton and 
sorghum. 

The high plains east of the Rocky 
Mountains, where the great herds of buf- 
falo once roamed, are short-grass country 
(Fig. 40.14). Buffalo grass (Buchloe 
dactyloides) and little grama grass ( Boute- 
loua gracilis) are the most common climax 
dominants. These and other common 
grasses In the region are generally only a 
few inches high, although taller species 
occur in the more favorable sites. 

Rainfall in the short-grass region is 
scanty and irregular, commonly only 10- 
15 inches annually, and the later part of 
the summer in particular is often very dry. 
The rain water seldom penetrates rnore 
than 2-3 feet, and a hardpan layer of ac- 
cumulated calcium carbonate and other 
salts marks the level of penetration. 

The short-grass prairie is best adapted 
to use as grazing land. In the more favor- 
able years it is possible to grow wheat and 
other crops, but such years are inevitably 


Fig. 40.14 Short-grass prairie 
in northwestern South Da- 
kota. 


followed by years of drought, crop failure, 
and dust storms. The great drought of the 
early 1930's, particularly 1934, put an end 
to most of the farming which the United 
States government had encouraged in this 
region aS an emergency measure to boost 
food production during World War I. Put 
to the plow again during World War II, 
the land again produced a few good crops 
before the dry years returned; federal aid 
and the absence of a really severe drought 
combined to permit continued cultivation 
of much of the short-grass region through 
the 1960’s, with mediocre success. 

The mixed-grass prairie is, as its name 
implies, composed chiefly of elements from 
the tall-grass and short-grass prairies which 
flank it. ‘The climate is favorable enough to 
permit many tall-grass species to survive 
(although they do not reach full size, sel- 
dom over 4 feet) but not favorable enough 
to permit them to crowd out the more 
xerophytic, shorter species from farther 
west. The proportions of the various spe- 
cies fluctuate from year to year, principally 
according to the moisture conditions. 

Most of the mixed-grass prairie region 
is suitable to the same crops as the tall- 
grass prairie, but the production is not so 
high and there is more ehance of crop 
failure during a dry year. 

At the northern edge of the great cen- 
tral grassland, where it adjoins the boreal 
forest, groves of aspen are scattered 
through the prairie, occupying the swales 
and other moister sites. Many ecologists 
treat this aspen-grove region as a separate 
formation distinct from both the prairie 
and the boreal forest. 

All other grasslands of North America 
are much smaller than the great central 
grassland. Two of the most important of 
these smaller grasslands are the Central Val- 
ley of California and the Palouse region of 
southeastern Washington and adjacent Ore- 
gon and Idaho. The original vegetation in 
both these areas has now been largely dc- 
stroyed—in the Central Valley by fire and 
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overgrazing followed in part of the area 
by farming, and in the Palouse by farming. 
Introduced annual weedy grasses, espe- 
cially species of Avena and Bromus, arc 
now the most common plants in the un- 
cultivated parts of the Central Valley, while 
the Palouse is one of the great wheat 
regions of the nation. Both these areas 
have a longer summer drought than is 
typical of grasslands, but the Central 
Valley has a long spring growing season, 
and the deep, fertile, eolian soil of the 
Palouse accumulates, in the winter and 
spring, a good supply of moisture which it 
gradually gives up to the plants during the 
summcr. 


THe WESTERN CONIFEROUS FORESTS 


Most of the mountains of the western 
United States and Canada are more or less 
covered with coniferous forest up to the 
timberline. ‘The moister, more western 
part of the region, shown on our map as 
the coastal forest, gencrally has a denser 
stand of taller trees than the more in- 
land area, shown as the Rocky Mountain 
forest. 

These western forests. show a promi- 
nent altitudinal zonation, often with three 
distinct associations at different elevations. 
In tne Rocky Mountains of the United 
States one often sees an open forest of pon- 
derosa pine in the foothills and lower 
reaches of the mountains, a Douglas-fir 
forest at middle altitudcs, and a spruce-fir 
forest near timberline. 

The Rocky Mountain spruce-fir forest 
occurs at progressively lower levels to the 
northward and merges with the boreal 
spruce-fir forest in Canada. The aspect of 
the Rocky Mountain spruce-fir forest is 
much like that of the drier parts of the 
boreal forest, with spire-topped small trees 
in open or dense stands, but the charac- 
teristic species are not the same. Engel- 
mann spruce (Picea engelmannii) and 
alpine fir (Abies lasiocarpa) are the prin- 
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cipal dominants of the Rocky Mountain 
spruce-fir forest, in contrast to Picea glauca 
and Abies balsamea of the boreal forest. 

The Douglas fir of the Rocky Moun- 
tains is a smaller, hardier tree of higher 
elevations than the Douglas fir of the 
coastal regions and is usually considered 
to be a distinct variety. A true climax tree 
in the Rocky Mountains, it is only a fire 
climax west of the summits of the Cascade 
Mountains. The stately Douglas-fir forests 
(Fig. 40.15) of western Oregon and Wash- 
ington give way to the true climax of 
western red cedar (Thuja plicata) and 
western hemlock (Tsuga heterophylla) 
when protected from fire. 

Lodgepole pine (Pinus contorta var. 
latifolia) and quaking aspen (Populus 





4 


tremuloides, an angiosperm) are the com- 
mon fire trees at middle altitudes in much 
of the Rocky Mountain region. At lower 
altitudes in northern Idaho, western white 
pine (Pinus monticola) forms a persistent 
subclimax associated with fire. 

The list of pines, firs, spruces, hem- 
locks, and other conifers which reach ch- 
max or near-climax status in various parts 
of the western coniferous forest is too long 
to be presented here. The Sitka spruce 
(Picea sitchensis), the common climax 
dominant along and near the coast of Brit- 
ish Columbia and southern Alaska, is per- 
haps the most important of those not 
previously mentioned. The coast redwood 
(Sequoia sempervirens) of the fog belt of 
the north-coast ranges of California, the 


Fig. 40.15 Mature Douglas 
fir, with an understory of 
hemlock, in western Oregon. 
(U.S. Forest Service photo by 
Leland J. Prater.) 


big trec or Sierra redwood (Sequoiadendron 
giganteum) of scattered sites at middle al- 
titudes in the Sierra Nevada, and the sugar 
pine (Pinus lambertiana), with cones a 
foot or even 2 feet long, at middle altitudes 
in the Sierra Nevada, are among the 
most interesting species of the region. 

The dominance of conifers instead of 
broad-leaved trees in so much of the West 
results from different causes in different 
localities. At higher altitudes the shortness 
of the summer is probably the most sig- 
nificant factor, just as in the boreal forest. 
At more moderate altitudes, especially in- 
land, the summer drought discourages 
broad-leaved trees, without being so severe 
as to eliminate the conifers. In the moist 
coastal regions the conifers, with their cen- 
tral trunk and excurrent branching, grow 
so tall as to overtop and shade out the 
deliquescently branched angiosperm trees, 
but this is probably not the sole reason for 
their dominance. At any rate, most broad- 
leaved trees of the western coniferous-for- 
est region, with the notable exception of 
aspen, are confined to wet places, such as 
stream banks, at middle and lower eleva- 
tions. 

The summer drought which character- 
izes so much of the western coniferous- 
forest region becomes increasingly pro- 
longed and severe toward the south and at 
lower elevations. South of the Canadian 
border the forest often forms a belt across 
the face of the mountains, with alpine 
tundra above and a more xerophytic vege- 
tation below. In California this more 
xerophytic vegetation is commonly of the 
broad sclerophyll type; farther inland it is 
desert. 


THe Coip DESERT 


Between the Cascade-Sierran axis on 
the west and the main Rocky Mountain 
axis to the east lies an area of broad valleys 
and scattered, narrow mountain ranges 
with a north-south orientation. The annual 
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precipitation in the valleys is seldom more 
than about 10 inches, because the prevail- 
ing westerly winds drop most of their 
water in getting over the more western 
mountains. The heartland of this area has 
no drainage to the sea and constitutes the 
Great Basin. Creeks and small rivers flow 
out of the mountains, only to disappear 
in the desert or to reach a shallow playa 
lake which dries up in the summer, leav- 
ing a flat, saline playa in the middle of the 
valley. Great Salt Lake and a few other 
saline lakes in the Great Basin are perma- 
nent, but their margins fluctuate widely 
with the scason and the year. 

The Great Basin, covering western 
Utah, most of Nevada, southeastern Ore- 
gon, and small parts of California, Idaho, 
and Wyoming, is principally a desert re- 
gion, with coniferous forests of the Rocky 
Mountain type occurring well up in the 
mountains. Unlike the desert farther south, 
it has a cold, often long winter, with fre- 
quent light snow; it is therefore called a 
cold desert. In addition to the Great Basin 
proper, the cold desert covers much of east- 
ern Utah and far western Colorado, south- 
em Idaho, and the lower parts of eastern 
Oregon and central Washington. The soil 
in much of the region is fertile, but it 
mostly requires irrigation for successful 
farming. 

Most of the cold desert is a land of 
sagebrush (Artemisia tridentata and re- 
lated species) and scattered grasses (Fig. 
40.16), notably bunch wheatgrass (Agro- 
pyron spicatum). Ovcrgrazing has caused a 
proportionate increase in sagebrush and de- 
crease in native grasses, but the sagebrush 
was always (in terms of human time) an 
important part of the climax. Herbaceous 
dicots, including spring-flowering annuals, 
are scattered among the other plants, but 
they do not form such a conspicuous part 
of the community as thcy do farther south. 
June grass (Bromus tectorum), and other 
weedy annual grasses which mature and 
dry up early in the summer, have been in- 
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troduced from Europe and are now very 
abundant, doubtless due partly to overgraz- 
ing. 

Sagebrush is intolerant of alkali and 
does not grow around the playas and lakes 
where salts accumulate. Members of the 
family Chenopodiaceae generally dominate 
such habitats. Where the soil is only mod- 
erately saline, low shrubs such as shad 
scale (Atriplex), greasewood (Sarcobatus 
vermiculatus), and winter fat (Eurotia 
lanata) ave common. In still saltier places 
these give way to succulents with reduced 
leaves and a very high osmotic pressure, 
such as Salicornia and Suaeda. The most 
extreme habitats are desolate salt flats, 
bare of vegetation and fit only for automo- 
tive speed tests. 

A zone of desert woodland (Fig. 40.17) 
often intervenes between the sagebrush and 
the montane coniferous forest of the cold- 
desert region, The trees are low and 
crooked, seldom over 20 feet tall, often as 
broad as high, and usually rather scattered. 
Pifion pine (Pinus edulis and related spp.) 
and juniper (Juniperus osteosperma and 
related spp.) are the characteristic domi- 
nants of the desert woodland, but some- 
times there are small oaks instead. Piñon 
pines have large, wingless, edible seeds and 
furnish the “pine nuts” used by Indians 
and pioneers and now locally sold in com- 
merce. This desert woodland might possi- 


Fig. 40.16 Sagebrush com- 
munity in central Nevada. 
The Monitor Range, in the 
background, has a pifion-jun- 
iper woodland on its lower 
slopes, and scattered timber 
in moister spots above. 


bly be treated as part of the Rocky Moun- 
tain coniferous forest, but the trees are so 
small, the aspect of the community so 
xeric, and the associated herbaceous species 
so similar to those of the rest of the desert 
that the community is more naturally in- 
cluded with the desert. 


Tur Warm DESERT 


The warm desert covers most of the 
land from the southern tip of Nevada, 
south through southeastern California, 
eastern and southern Arizona, and well 
into Mexico. Like the cold desert, the 
area is interrupted by scattered mountain 
ranges which sometimes rise high enough 
to carry coniferous forest or even alpine 
tundra. Within the United States the 
warm desert is confined to lower eleva- 
tions, mostly less than 3000 feet; some of 
it, such as Death Valley in California, is 
below sea level. 

Moisture is even more deficient in 
the warm desert than in the cold desert. 
In the United States the annual precipita- 
tion of the warm desert is seldom over 5 
inches. The summers are long and hot, 
and the winters are mild. Part of the area 
does have occasional frost, but there is 
little if any snow. 

The most characteristic plant of the 
warm desert in North America is creosote 





bush (Larrea tridentata), a branching 
shrub commonly 3-4 feet tall with a very 
deep root system and small, firm, shiny, 
evergrcen leaves. Over thousands of square 
milcs in Arizona and California, creosote 
bushes are spaced at more or Icss regular 
intervals of 15—30 feet, with much bare 
ground in between (Fig. 40.18). Bur sage 
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Fig. 40.17 Pinon-juniper 
(Pinus monophylla and Juni- 
perus osteosperma) wood- 
land in east-central Nevada. 


(Ambrosia dumosa), another low, branch- 
ing shrub, is often associated with creosote 
bush, and cacti of various sorts are com- 
mon. 

Ephemeral annuals, many with showy 
flowers, are abundant in the warm desert. 
In a good year they color the landscape 
purple, yellow, and white for a time in the 


Fig. 40.18 Larrea-Ambrosia 
community in southern Ne- 
vada. 
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sprig before the plants mature seed and 
disappear. If the spring rains fail, the plants 
may not come up at all or may wither and 
die before flowering. The sceds of some 
species will not germinate unless there 
is enough moisture in the soil to last 
through a normal cycle of growth and 
fruiting. 

The warm-desert community under- 
goes much local and regional variation 
and includes many more species than its 
barren aspect might at first suggest. Three 
of the most interesting and conspicuous 
species that do not extend throughout the 
area are the giant Joshua (Yucca ‘brevifo- 
lia), the saguaro cactus (Cereus giganteus), 
and mesquite (Prosopis glandulosa). 

The giant Joshua (Fig. 34.24), a very 
stout shrub or small tree sometimes 20 or 
even 30 feet tall, represcnis a secondarily 
woody group generally thought to be de- 
rived from the lily family. It occurs at 
upper altitudes in the more northern and 
western part of the warm desert, often 
forming a fringe only a mile or so wide 
where the land slopes down from the cold 
to the warm desert. In southeastern Cali- 
fornia, an area dominated by giant Joshua 
has been set aside as a national monument. 

The saguaro (Fig. 27.11) is the larg- 
est of all cacti, reaching a height of 50 
feet. It is abundant in parts of southern 
Arizona and northern Sonora (Mexico), 
where it is generally the only arborescent 
plant of any sort and is commonly inhab- 
ited by woodpeckers. 

Mesquite, a small bushy tree of the 
legume tamily, is common in washes and 
other low places in the morc eastern and 
southern parts of the warm desert, some- 
times also occurring on dry slopes or even 
on sand dunes. It has become much more 
abundant, especially on upland sites away 
from ground water, since the beginning of 
extensive grazing in the Southwest. Once 
established, it often maintains itself even 
when the range is protected from grazing 
for many years. 


n 


THe Broap SCLEROPHYLL FORMATION 


Moist mild winters and long dry sum- 
mers are typical of the foothills and lower 
mountains of most of California, except 
for the desert mountains in the southeast 
and the fog belt of the outer coast ranges 
north of San Francisco. This elimate is 
characteristic also of much of the area 
bordering the Mediterranean sea, and is 
called a Meditcrranean climate. American 
soldiers learned during World War II that 
these Mediterranean lands, famed for their 
sunny climate, are wet and disagreeable in 
the winter. In California, as elsewhere, a 
Mediterranean climate is associated with 
broad sclerophyll vegetation. 

Most of the dominant species of the 
broad sclerophyll formation are woody 
angiosperms with firm, hard, evergreen 
leaves (see Chapter 27). In our area, there 
are two associations, the broad sclerophyll 
forest and the chaparral. The broad sclero- 
phyll forest occurs in the less xeric habitats 
of the region and is commoner toward the 
north. It is characterized by several ever- 
green oaks, California laurel (Umbellu- 
laria californica) and madrofio (Arbutus 
menziesii), among other species. The 
chaparral (Fig. 40.19) occupies the drier 
habitats, especially southward. It is charae- 
terized by evergreen shrubs, especially 
chamiso (Adenostoma fasciculatum) and 
various species of manzanita (Arctostaphy- 
los). 

The broad sclerophyll communities, 
especially the chaparral, are subject to fre- 
quent fires. Many ehaparral species sprout 
freely from the base after a fire, and the 
whole community may eome back to nor- 
mal within 10 years. 


Tue Tropica Forests 


The frost-free tropical forests barely 
enter the United States in southern Flor- 
ida and Texas, but they cover much of 
Mexico and the West Indies. Under opti- 
mum conditions, with adequate moisture 
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and drainage throughout the year, the com- 
munity is a rain forest (Fig. 40.21), com- 
posed of many species of evergreen angio- 
sperm trees in several strata, with rather 
sparse undergrowth and few lianas, and 
epiphytes are not numerous near the 
ground. After disturbance of any sort, the 
impenetrable jungle of fiction and cinema 
develops, with dense, tangled undergrowth 
and numerous lianas and epiphytes (Fig. 
40.20). This community is seral and gives 
way eventually to rain forest. 
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Fig. 40.19 Chaparral vege- 
tation in southern California. 
(U.S. Forest Service photo by 
W. 1. Hutchinson.) 


Fig. 40.20 Dense tropical 
forest in Colombia. (Photo 
courtesy of José Cuatrecasas.) 


Not all tropical forest is rain forest. 
A recent study recognizes 27 formations 
in the American tropics, 10 of which are 
forest. Among these are the swamp forest, 
the seasonalswamp forest, the dry ever- 
green forest, the evergrecn seasonal forest, 
the deciduous seasonal forest, and the 
cloud forest. This complexity of vegetation 
is another reflection of the fact that the 
tropics are the real home of the angio- 
sperms. 
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Fig. 40.21 Above, iropical 
forest in Colombia, with a 
tree fern at the left. Below, 
grassland in Colombia, with 
scattered palms. (Photos 
courtesy of José Cuatrecasas.) 
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APPENDIX: 
SYNOPSIS OF THE DIVISIONS 
AND CLASSES OF PLANTS: 


I Gametangia and sporangia, when present, generally unicellular, or sometimes multicellular 
with all cells fertile; zygotes generally do not develop into multicellular embryos while still 
attached to the parent plant; plants without xylem, and ordinarily without phloem 


Subkingdom I. Thallobionta 


2. Plants prokaryotic, lacking plastids, mitochondria, Golgi bodies, and a vesicular nucleus, 
the cells dividing amitotically,; mostly asexual, sometimes with parasexual processes, per- 
haps rarely truly sexual Division 1. Schizophyta 


3. Plants mostly without chlorophyll and not photosynthetic; photosynthetie forms 
have only System I and do not rclease oxygen; phycobilin pigments wanting 


Class Schizomycetes 


3. Plants mostly with chlorophyll, photosynthetic, with both System I and System II, 
and releasing oxygen; phycobilin pigments present Class Cyanophyceae 


2. Plants eukaryotic, with plastids, mitochondria, Golgi bodies, and a vesieular nucleus, 
the cells dividing mitotically; often sexual 
4. Chlorophyll usually present and the plants photosynthetic (lacking chiefly among 
some of the unicellular flagellates); cell walls ordinarily not chitinous, mostly of 
polysaccharides, often including cellulose, sometimes siliceous, or wanting and the 
cell then bounded by a flexible, living membrane 
5. Plants mostly without phycobilin pigments, except the Cryptophyta, which are 
flagellated or have flagellated reproductive cells; food reserves diverse, but not of 
floridoside or floridean starch; plants often with motile cells at some stage in 
the life cycle i 
6. Chloroplasts grass-green, thc associated pigments masked by the chlorophyll; 
chlorophyll of a and b types only 
7. Cells without a gullet; plants unicellular, colonial, or multicellular, 
usually with cell walls, with or without flagella, the flagella when pres- 
ent generally all alike and whiplash; food reserves typically starch, 
sometimes oils; no diadinoxanthin; often sexual, but sometimes asexual 
Division 2. Chlorophyta 
8. Gametangia not surrounded by sterile jackets; thallus usually of 
relatively simple structure, or coenocytic when externally complex 
Class Chlorophyceae 
8. Gametangia surrounded by sterile jackets; thallus relatively com- 
plex, consisting in part of an erect, multicellular axis with whorled 
branches Class Charophyceae 
7. Cels with a gullet, usually solitary and flagellated, mostly naked, oc- 
casionally loricate, seldom with a -definite wall; flagella pectinate, often 
unequal; food reserves typically paramylon; diadinoxanthin the principal 
xanthophyll; asexual Division 3. Euglenophyta 
(Class Euglenophyceae) 


6. Chloroplasts mostly yellowish to brownish, the chlorophyll typically more 


1 This key is based primarily on modern forms. Fossils are included only when they have 
some special evolutionary significance. 
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or less masked by the associated carotenoid pigments; chlorophyll b want- 

ing, but chlorophyll ¢ often present; flagella, when present, typically 2 and 

dissimilar, sometimes only one — 

9. Plants unicellular to colonial or sometimes filamentous, the filamentous 
forms generally lacking fucoxanthin; cell walls without fucoidin 


10. 


10. 


Ccll walls, when present, usually composed largely of cellulose, 
sometimes organized into two valves, but not silicified; food re- 
serves typically starch; mostly asexual, unicellular flagellates, sel- 
dom colonial or filamentous, the flagella often one pinnate and 

one pectinate 
11. Chromonemata of ordinary type, containing histone proteins 
as well as DNA; phycobilins present; unique xanthophylls 
alloxanthin, monadoxanthin, and crocaxanthin; cells often 
with a gullet; flagella of ordinary tinsel type, without a 
special lateral band Division 4. Cryptophyta 
(Class Cryptophyceae ) 


Il. Chromonemata moniliform, remaining condensed at inter- 
phase, lacking proteins; phycobilins absent; peridinin (nearly 
unique to this division) the principal xanthophyll; cells with- 
out a gullet; one flagellum (the pectinate one) typically at- 
tached lengthwise to a firmer axis Division 5. Pyrrophyta 


12. Motile cells with two apically inserted flagella, without 
a groove; eell wall, when present, of two longitudinal 
valves which are not divided into definitely arranged 
plates Class Desmophyceae 


12. Motile cells with a transverse or spiral groove in which 
the two flagella are attached, one lying in the groove 
and encircling the cell, the other trailing; cells naked 
or more often with a cellulose wall, this often of inter- 
locking plates which are seldom organized into two 
longitudinal valves Class Dinophyceae 


Cell walls, when present, seldom containing appreciable quantities 
of cellulose, often silicified, very often of two valves; food reserves 
generally chrysolaminarin and/or oils; plants typically unicellular 
or loosely colonial, sometimes (especially in the Xanthophyceae) 
filamentous and even coenocytic; flagella, when present, generally 
two and dissimilar, onc whiplash, the other pinnate; often produce 
statospores, unique to this division; both peridinin and phycobilins 
usually absent Division 6. Chrysophyta 


13. Chloroplasts yellowish-green (or green in some Chloro- 
monadophyceae); fucoxanthin and chlorophyll c wanting; 
cell wall, when present, not highly silicified 
14. Plants unicellular flagellates without cell walls 


Class Chloromonadophyceae 
l4. Plants otherwise, usually with cell walls, the vegetative 
cells seldom flagellated Class Xanthophyceae 
13. Chloroplasts golden-brown; plants with fucoxanthin 
15. Cells mostly flagellated or amoeboid and bounded by 


a flexible, living membrane which may bear siliceous 
or calcareous scales, often also loricate, seldom with a 
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definite wall, and this not highly silicified when pres- 
ent; no accessory chlorophyll Class Chrysophyceae 


15. Cells bounded by a highly silicified wall composed of 
two overlapping halves, not flagellated (except some 
of the gametes), mostly sexual, the vegetative cells 
diploid; chlorophyll ¢ present Class Bacillariophyceae 


Plants filamentous or more complex, nonmotile, with brownish chloro- 
plasts that contain chlorophyll c, fucoxanthin, and other pigments; 
chiefly marine, usually sexual; food reserves chiefly laminarin and 
mannitol; cell wall containing cellulosc Division 7. Phaeophyta 


16. Plants with well developed alternation of generations, both the 
sporophyte and the gametophyte multicellular 

17. Sporophyte and gametophyte similar Class Isogeneratae 

17. Sporophyte and gametophyte dissimilar, the sporophyte al- 

ways the larger Class Heterogeneratae 


16. Plants with only the sporophyte generation multicellular; haploid 
stage represented only by “spores” which function directly as 
gametes Class Cyclosporae 


Plants with phycobilin pigments, nearly always multicellular at maturity, and 
without flagellated cells of any sort; floridoside and floridean starch the principal 
food reserves; chiefly marine plants Division 8. Rhodophyta 


18. 


18. 


Cells of the thallus without pit connections; cell divisions generally inter- 
calary within the thallus; no gonimoblast filaments produced, the zygote 
dividing directly and probably meiotically to form either carpospores or 
cells which immediately divide to produce carpospores; cells usually with 
a single chloroplast and without a central vacuole Class Bangiophyceae 


Cells of the thallus with prominent pit connections; thallus of basically 
filamentous construction (filaments often compacted) and cell division 
usually more or less restricted to the apical cells of the filaments; gonimo- 
blast filaments producing diploid carpospores which develop into tetra- 
sporophytes; cells usually with a central vacuole and often with several or 
many chloroplasts Class Florideophyceae 


4. Chlorophyll wanting and plants not photosynthetic; cell walls (or limiting mem- 
branes) usually chitinous (cellulose among some of the Phycomycetes, of unknown 
composition among the Myxomycetes) Division Fungi 

Plants plasmodial and generally capable of ingesting food as well as absorbing 

it; flagellated cells, when produced, usually bearing two unequal whiplash 

flagella; spores usually numerous in a sporangium Class Myxomycetes 

Plants consisting of filaments or cells that are bounded by a definite wall, 

obtaining food by absorption only; flagellated cells, when produced, with one 

or two flagella, the biflagellated forms always with one whiplash and one 
pinnate flagellum 


19. 


19 


20. 


Filaments coenocytie or occasionally with scattered septa, or the plants 
unicellular; perfect stage usually consisting of a zygospore or an oospore, 
not borne on a definite fruiting body; flagellated cells often produced; 
spores (either sexual or asexual) often numerous in a sporangium 

Class Phycomycetes 


21. Plants producing flagellated spores or gametes; sexual reproduction 
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usually involving definite unicellular gametes and resulting in the 

formation of unicellular, uninucleate zygotes, or in any case not as 

in the Zygomycetes 

22. Motile cells biflagellate, one whiplash, one pinnate, or uni- 
flagellate with only a pinnate flagellum; cell wall usually con- 
taining cellulose, seldom also with chitin 


Segregate class Oomycetes 


22. Motile cells uniflagellate, with only a whiplash flagellum; ċell 
wall chitinous, without cellulose 
Segregate class Chytridiomycetes 


Plants without flagellated cells of any kind; sexual reproduetion in- 
volving fusion of multinucleate gametangia to form a multinucleate 
zygospore; gametangia similar or differing somewhat in size, coming 
together by growth from adjacent hyphae or hyphal branches; wall 
chitinous Segregate class Zygomycetes 


Filaments generally septate, or the plants unicellular; perfect stage usually 
of one or more asci or basidia that are often borne on a definite fruiting 
body; flagellated cells never produccd; sexual spores usually few and 
definite in number; asexual spores never enclosed in a sporangium 


2: 


Ze 


Sexual spores borne within a sporangium (the ascus), typically 
eight, seldom four, occasionally sixteen or more; filaments without 
clamp connections Class Ascomycetes 


Sexual spores borne externally on a basidium, typically four, or the 
basidium sometimes failing to produce spores; filaments often with 
clamp connections Class Basidiomycetes 


Gametangia and sporangia multicellular, the outermost cells forming a sterile jacket, or the 
gametangia reduced and scarcely developed in some plants that usually have xylem and 
phloem; zygote ordinarily devcloping into a multicellular embryo while still attached to the 
parent plant 


24. Plants without xylem and phloem; sporophyte partly or wholly parasitic on the 


gametophyte, not becoming independent 


Subkingdom II. Embryobionta 


Division 10. Bryophyta 


25. Sporophyte with a meristematic region near the base; archegonia and antheridia 
originating from internal cells of the thallose, dorsiventral gametophyte; chloro- 
plasts with pyrcnoids; sporophyte with stomates, and usually with a columella in 
the capsule 


1s. 


Class Anthocerotopsida 


Sporophyte without a definite meristematic region; antheridia and archegonia 
originating from superficial cells; chloroplasts without pyrenoids 


26. 


26. 


Gametophyte usually dorsiventral, without a distinct protonemal stage; 
capsule without a columella but usually with elaters; rhizoids unicellular; 
stomates wanting 


Class Marchantiopsida 


Gametophyte with a filamentous or dorsiventral protonemal stage, followed 


by the development of gametophores with phyllidia spirally and sym- 


metrically arranged on a caulidium; capsule without elaters but usually with 
a columella; rhizoids multicellular; sporophyte often with stomates 


Class Bryopsida 


24. Plants ordinarily with xylem and phloem; sporophyte physiologically independent of 
the gametophyte at maturity (the vascular plants) 
27. Plants without seeds, or (in some fossil forms only) producing seeds that do not 


have a syntelomic integument 


28. 


28. 
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Plants without true roots, the subterranean part anatomically not much 
different from the aerial stem; branching chiefly dichotomous 
29. Sporangia simple, unilocular, borne on ordinary vegetative branches, 
commonly tcrminal; ancient fossils Division 11. Rhyniophyta 
(Class Rhyniopsida) 
29. Sporangia compound, borne on specialized, very short branches, ap- 
pearing axillary Division 12. Psilotophyta 
(Class Psilotopsida) 


Plants with true roots that are anatomically differentiated from the stem; 

branching dichotomous to monopodial 

30. Sporangia axillary to vegetative or more or less modified leaves that 
are often aggregated into a terminal strobilus; leaves mostly alternate 
or opposite, always simple and with a single unbranched midvein, 


mostly rather small Division 13. Lycopodiophyta 
31. Plants homosporous; leaves eligulate Class Lycopodiopsida 
31. Plants heterosporous; leaves ligulate Class Isoetopsida 


30. Sporangia not axillary; leaves usually either whorled or with a branch- 
ing vein system, or both 

32. Leaves whorled; sporangia borne on highly modified sporangio- 

phores that are aggregated into a characteristic terminal strobilus 


Division 14. Equisetophyta 

33. Branching dichotomous or digitate (like the fingers of a 
hand); stems not always obviously jointed; leaves apically 
notched or cleft, or dichotomously branched; ancient fossils 

only Class Hyeniopsida 


33. Branches arising at the nodes, commonly whorled around 
the main axis; stems obviously jointed 
34. Leaves with a dichotomously branching vein system, 
generally toothed or cleft from the apex; stem proto- 
stelic, without a pith; fossils only 


Class Sphenophyllopsida 


34. Leaves entire and with a single, unbranched midvein, 
often more or less connate into a sheath; stem with a 
definite, usually large and short-lived pith, and with 
the primary vascular tissue in the internodal regions 
divided into a ring of separate bundles 


Class Equisetopsida 
32. Leaves alternate, generally large and compound, with a branching 
vein system; sporangia borne on the margins or on the lower sur- 

face of ordinary or more or less highly modified leaves 
Division 15. Polypodiophyta 
(Class Polypodiopsida) 


27. Plants with seeds, the seeds with an integument of phyletically syntelomic origin 


2b 


Ovules naked, not enclosed in an ovary; female gametophyte multicelular, 
with 500 or more cells (or nuclei), and (except in some of the subdivision 
Gneticae) producing definite archegonia; wood without vessels, except in 
the Gneticae; food reserves of the seed stored principally in the body of the 
female gametophyte; no triple fusion cell Division 16. Pinophyta 
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36. 


36. 


Leaves generally large and pinnately compound, more or less fern-like; 
plants usually with little or no secondary growth, the stem simple or 
with few branches; modern members with ciliate sperms 


Subdivision Cycadicae 


37. Microsporophylls pinnately compound, not aggregated into a 
strobilus, often borne on the same plant as the megasporophylls; 
female strobili, when present, borne on short axillary branches; 
fossils only 
38. Megasporophylls usually pinnately compound; not aggre- 

gated into strobili Class Lyginopteridopsida 


38. Megasporophylls simple, each with a single terminal ovule, 
aggregated into compact strobili, the strobilus commonly 
subtended by the more expanded microsporophylls 


Class Bennettitopsida 


37. Microsporophylls simple, aggregated into a definite, usually ter- 
minal strobilus, never borne on the same plant as the megasporo- 
phylls; megasporophylls usually, but not always, simple and 
aggregated into a terminal strobilus; modern and fossil species 


Class Cycadopsida 


Leaves simple and usually relatively small, mostly not at all fern-like; 

plants with more or less well developed secondary growth, and usually 

with branching stems 

39. Vessels absent; male cones simple; leaves, ovules, embryos and 
wood various, but not combined as in the Gneticae 


Subdivision Pinicae 


40. Leaves, or many of them, bilobed or palmately lobed or 
dichotomously dissected, commonly fan-shaped; modern 
species with flagellated sperms; ovules and seeds apical on 
slender stalks, not in cones; seeds with a fleshy outer coat 


Class Ginkgoopsida 


40. Leaves entire or slightly toothed, usually narrow, never fan- 
shaped; sperms in modern species naked; ovules and seeds 
various, very often borne in cones Class Pinopsida 


39. Vessels present in the secondary wood; male cones compound; 
leaves opposite; ovules with two integuments, at least the inner 
forming a very long micropylar tube; embryo with two cotyledons; 
wood without resin canals Subdivision Gneticae 

(Class Gnetopsida) 


Ovules enclosed in an ovary; female gametophyte of a few (typically eight) 
cells (or a similar free-nuclear protoplast), not producing archegonia; vessels 
usually present; fertilization generally accompanied by the formation of a 
triple-fusion cell, which typically gives rise to the food storage tissue of the 


seed 


all 


Division 17. Magnoliophyta 
Embryo with mostly two cotyledons; plants usually with fascicular 
cambium; vascular bundles usually borne in a ring which encloses a 
pith, floral parts, when of definite number, typically borne in sets of 
five, less often four, seldom three; pollen typically triaperturate or of 
triaperturate-derived type; mature root system either primary, or 
adventious, or both 7 Class Magnoliopsida 


41. 
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Embryo with one cotyledon (or sometimes undifferentiated); plants 
without a fascicular cambium, and usually without a cambium of any 
sort; vascular bundles generally scattered, or in two or more rings; 
floral parts, when of definite number, typically borne in sets of three, 
seldom four, never five; pollen of uniaperturate or uniaperturate- 
derived type; mature root system wholly adventitious Class Liliopsida 
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Notc on derivations and definitions: Many botanical terms are derived from Greek, 
often through Latin. The Greek antecedent, being the older, is usually given 1n- 
stead of the Latin. When some latitude in transliteration of classieal Greek to 
English is permissible, the form which more nearly coincides with the spelling of 
the modern English word is generally given. The definitions are in all cases for 
botanical usage. Many of the terms have a broader popular definition or a different 
specialized definition in some other field. For terms not included in the glossary, 


see the index. 


A. Angstrom unit, one tenth of a milli- 
micron. 

absorption spectrum. A comparative mea- 
sure of absorption of different wavelengths 
of radiant energy by a pigment or other 
substance. 

achene (Gr. a, not + chainein, to gape). 
The most general type of dry indehiscent 
fruit. 

ADP. Adenosine diphosphate, a compound 
which can add another phosphate group 
(forming ATP) in important metabolic 
transfers of energy. 

adventitious (L. adventitius, from ad, to + 
venire, to come). Originating from mature 
nonmeristematic tissues, especially if such 
a development would not ordinarily be ex- 
peeted. 

aeclum (Gr. atkia, injury, or oikidion, a 
little house). Among rusts, a cup at the 
surface of the host, in which dikaryotic 
spores called aeciospores are borne. 

akinete (Gr. a, not; kinésis, movement). An 
algal spore produced by transformation of 
a whole vegetative cell, with the original 
cell wall forming part or all of the spore 
wall. 

Algae (L. seaweed). A broad artificial group 
of plants, characterized by the presence of 
chlorophyll a and the absence of the char- 
acteristic multicellular sex organs or spe- 
cialized water-conducting tissues of higher 
lants. 

allele (Gr. allēlon, of one another). One of 
the two or more genes which in different 
genomes can occupy a particular locus on 
a chromosome. 

allelopathy (Gr. allēlon, of one another 
+ pathos, suffering). The chemical inhibi- 
tion of growth of one plant by another. 
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amino acid. An organic acid having one or 
more amine (NH,°) groups in place of hy- 
drogen atoms. 

amitosis (Gr. a, not + mitosis). Nuclear di- 
vision which apparently results from the 
constriction of the nucleus into two or 
more parts, without the formation of 
chromosomes or a spindle. 

amylopectin (Gr. amylon, starch + pectin). 
One of the constituents of starch, con- 
sisting of a branching polymer of a-glucose. 

amyloplast (Gr. amylon, starch + plastid). 
A leucoplast in which starch is stored. 

amylose (Gr. amylon, starch). One of the 
constituents of starch, consisting of an un- 
branched polymer of a-glucose. 

anabolism (Gr. ana, each + [meta]bolism). 
Those phases of metabolism which make 
more complex substances from simpler 
ones, requiring an input of energy. 

anaphase (Gr. ana, up + phase). The stage 
in mitosis in which the two chromatids of 
each chromosome are separated and move 
toward the respective poles of the spindle. 

angiosperm (Gr. angeion, vessel + sperma, 
seed). A member of the group of plants 
(Magnoliophyta) characterized by having 
the ovules enclosed in an ovary. 

annual (L. annus, year). A plant which 
completes its life cycle and dies in a year. 

anther (Gr. anthos, flower). The part of a 
stamen, consisting of one or usually two 
pollen sacs (and a connective layer be- 
tween them), which bears the pollen. 

antheridium (Gr. anthos, flower + eidos, 
resemblance). A specialized cell, or a multi- 
cellular structure, within which one or 
more sperms are produced. 

anthocyanin (Gr. anthos, flower + kyanos, 
dark blue). A chemical class of water-solu- 


ble pigments, ranging in color from blue or 
violet to purple or red, often found in the 
central vacuole of a cell, especially in 
flower petals. 

apocarpous (Gr. apo, away + karpos, 
fruit). With the carpels separate from each 
other, or with only a single carpel. 

apomixis (Gr. apo, away + mixis, min- 
gling). The setting of seed without fertil- 
ization. 

apothecium (Gr. apo, away + théké, box). 
An ascocarp which is opcn, exposing the 
asci. 

archegonium (Gr. arche, beginning + 
gonos, offspring). A specialized structure, 
composed of more than one cell, within 
which an egg is produced. 

ascocarp (Gr. askos, bladder + karpos, 
fruit). The fruiting body of an ascomycete. 

ascospore. A spore produced in an ascus. 

ascus (Gr. askos, bladder). The character- 
istic sporangium of the ascomycetes, within 
which the sexual spores (ascospores) are 
borne. 

ATP, Adenosine triphosphate, a compound 
which releases mctabolic energy when it 
gives up its third phosphate group. 

autoeeious (Gr. autos, self + oikos, house). 
Among rusts, completing the life cycle on 
a single host. 

autotroph (Gr. autos, self + trophé, nour- 
ishment). An organism which makes its 
own food from raw materials; opposite of 
heterotroph. 

auxin (Gr. auxein, to grow). A group of 
growth regulators which promote cell 
elongation and also have other effects. 

axil (L. axilla, armpit). The point of the 
angle formed by the leaf or petiole with the 
upward internode of the stcm. 

basidiocarp (basidium + Gr. karpos, fruit). 
The fruiting body of a basidiomycete. 

basidiospore. A spore borne on a basidium. 

basidium (L. diminutive from Gr. basis, 
base). A characteristic structure of certain 
fungi (the Basidiomycetes) which bears 
sexual spores externally. 

berry. The most general type of fleshy fruit. 

biennial (L. biennium, a period of two 
years), A plant which complctes its life 
cycle and dies in two years (or more than 
one year but less than two). 


GLOSSARY 847 


blepharoplast (Gr. blepharon, cyelid + 
plastos, formed or molded). The basal 
body, in the outer part of the cytoplasm, 
to which a flagellum is attached. 

bract (L. bractea, a thin metal plate). Any 
more or less reduced or modified leaf asso- 
ciated with a flower or an inflorescence, but 
not a part of the flower itself; in conifers, 
one of the primary appendages of the cone 
axis, In the axils of which the ovuliferous 
scales are borne. 

budding. Unequal cell division, as in yeasts; 
also, a type of grafting in which a bud is 
used as the scion. 

calorie (L. calor, heat). The amount of 
energy required to raise the temperature of 
one gram of water by one degree centi- 
grade, under certain specified conditions. 

calyptra (Gr. kalyptér, a vcil). In bryo- 
phytes, the structure derived partly or 
wholly from the archegonium, which caps 
or immediatcly surrounds the sporophyte. 

calyx (Gr. kalyx, cup). All the sepals of a 
flower, collectively. 

cambium (L. cambiare, to exchange). A lat- 
eral meristem; specifically, the vaseular 
cambium, which produces xylem internally 
and phloem externally. 


capsid (L. capsa, box or case). The protein- 
aceous sheath of a virion. 

capsule. The sporangium of a bryophyte; in 
angiosperms, a common type of dry de- 
hiseent fruit, composed of more than one 
carpel. 

carbohydrate. A food whose molecules con- 
sist entirely, or almost entirely, of carbon, 
hydrogen, and oxygen, with the ratio of 
hydrogen to oxygen being 2:1. 

carotene (Daucus carota, the carrot). A fat- 
soluble, yellow hydrocarbon, associated 
with chlorophyll in the photosynthetic 
process. 

carpel (Gr. karpos, fruit). One of the fe- 
male organs of a flower, i.e, the mega- 
sporophyll. 

Casparian strip. A waxy band encircling an 
endodermal cell along its radial walls. 

catabolism (Gr. kata, down, against, + 
[meta]bolism). Those phases of metab- 
olism which make simpler substances from 
more complex ones, resulting in a libera- 
tion of stored energy. 
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catalyst (Gr. katalysis, dissolution). A sub- 
stance which facilitates a chemical reac- 
tion between other substances, without it- 
self being used up in the process. 

caulidium (diminutive of L. caulis, stem). 
The stem-like organ of a gametophyte of a 
bryophyte. 

cell. An organized unit of protoplasm, 
bounded by a membrane or wall, and 
usually divisible into a nucleus and some 
cytoplasm: also applied to the cell wall, 
after the death of the protoplast. 

cell sap. The watery contents of the central 
vacuole of a cell. 

cellulose (L. cellula, cell). A complex poly- 
saccharide which is the principal constitu- 
ent of the cell walls of most plants. 

central cylinder. The primary vascular struc- 
ture of a stem or root, together with any 
tissue (such as the pith) which may be 
enclosed. 

chlorenchyma (Gr. chloros, green + 
enchein, to pour in). A tissue (generally 
parenchymatous) characterized by having 
chloroplasts. 

chlorophyll (Gr. chloros, green + phyllon 
leaf). A group of magnesium-porphyrins 
which are essential for photosynthesis. 

chloroplast. A plastid which bears chloro- 
phyll. 

chromatid (Gr. chroma, color). One of the 
two longitudinal halves that make up a 
chromosome. 

chromatin (Gr. chréma, color). DNA plus 
its associated protein. 

chromonema (Gr. chroma, color + néma, 
thread). One of the threadlike, DNA-bear- 
ing structurcs within the nucleus, which 
give rise to the chromosomes during mi- 
tosis. 

chromoplast Gr. chroma, color + plastid). 
A colored plastid, other than a chloroplast. 

chromosome (Gr. chroma, color + soma, 
body). A DNA-bearing body which is or- 
ganized from the chromonemata and other 
nuclear material during mitosis. 

circadian rhythm (L. circa, about + diem, 
day). Biological rhythms which operate on 
a daily cycle. 

class. A group of related orders; a particular 
rank in the taxonomic hierarchy, between 
the order and the division. 
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cleistothecium (Gr. kleistos, closed + 
théké, box). An ascocarp that is completely 
closed at maturity, usually more or less 
spherical in shape, and with a differentiated 
outer layer. 
closed bundle. A vascular bundle which has 
no cambium and thus lacks the potentiality 
for secondary growth. 
coenocyte (Gr. koinos, in common + 
kytos, a hollow vessel). An organism which 
has the nuclei scattered in a continuous 
(usually filamentous) protoplast that 1s 
not divided into definite cells. 
coenzyme. A biological catalyst, of smaller 
molecular size than an enzyme, which 
must cooperate with an enzyme to pro- 
duce its effect. 
collenchyma (Gr. kolla, glue + enchein, to 
pour in). A strengthening tissue composed 
of living cells with thick primary walls that 
consist largely of cellulose. 
colloid (Gr. kolla, glue). A suspension 
(usually in water) in which the suspended 
particles are larger than ordinary molecules 
but not large enough to settle out. 
companion cell. A modified parenchyma 
cell associated with a sieve element and 
having a direct ontogenetic relation with 
it. 
conidium (Gr. konos, offspring, or konis, 
dust). An asexual spore; in fungi, a spore 
(asexual) produced by differentiation and 
abscission of a hyphal tip. 
conjugated protein (L, conjugatus, united). 
A protein which yields one or more other 
compounds in addition to amino acids 
when hydrolyzed. 
conjugation (L. conjugare, to unite, or 
conjugatus, united). Fusion of isogametes. 
cork. A waterproofing protective tissue, 
dead when functional, characterized by 
suberization of the cell walls. 
corolla (L. little crown, diminutive of 
corona, crown). All the petals of a flower, 
collectively. 
cortex (L. bark or rind). The tissue be- 
tween the central cylinder and the 
epidermis of a stem or root. 
cotyledon (Gr. kotylédon, a cup-shaped 
hollow). A leaf of the embryo of a seed. 
crozier (derivation complex, eventually 
from L. crux, crucis, cross). The hook- 


shaped hyphal tip which is the precursor to 
an ascus. 

cryptogam (Gr. kryptos, hidden + gamos, 
marriage). A plant belonging to the non- 
seed-bearing general group: opposite of 
phanerogam. 

cutin (L. cutis, skin): A waxy material, 
characteristic of epidermal cells of embryo- 
phytes, which retards evaporation of water. 

cyclosis (Gr. kyklosis, an encircling). The 
characteristic streaming motion of cyto- 
plasm. 

cytochrome (Gr. kytos, a hollow vessel + 
chroma, color). A group of iron-porphyrins 
which function in energy transfer in both 
photosynthesis and respiration. 

cytokinesis (Gr. kytos, a hollow vessel + 
kinesis, movement). The division of the 
cytoplasm (as contrasted to the nucleus) 
during cell division. 

cytckinin (from cytokinesis). A group of 
growth regulators which promote cell divi- 
sion. 

cytology (Gr. kytos, a hollow vessel + 
logos, word, discoursc). The study of the 
protoplasmic structure of cells, including 
the changes which occur during cell divi- 
sion. 

cytoplasm (Gr. kytos, a hollow vessel + 
plasma, a thing molded or formed). The 
non-nuclear part of protoplasm. 

deciduous (L. decidere, to fall off). Falling 
off; dropping its leaves in the autumn. 

dehiscent (L. dehiscere, to gape or yawn). 
Opening at maturity, releasing or exposing 
the contents. 

dicot (Gr. dis, two + cotyledon). Short for 
dicotylcdon; the dicotyledons (class Mag- 
noliopsida) are one of the two great 
groups of angiosperms. 

dictyosome (Gr. dictyon, net + soma, 
body). Same as Golgi body. 

dictyostele (Gr. dictyon, net + stele). A 
siphonostcle with numerous and elongate 
leaf gaps and branch gaps, so that the pri- 
mary vascular tissue forms a ring of vascu- 
lar bundles. 

digestion. The partial breakdown of foods, 
making them more soluble or more readily 
diffusible without significantly changing 
the amount of stored energy. 

dikaryotic (Gr. dis, two + karyon, nut). 
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Having two nuclei (typically haploid) of 
different origin in each segment or cell of 
a filament. 

dioecious (Gr. dis, two + otkos, house). 
Producing malc and female structures (in 
seed plants the microsporophylls and 
megasporophylls, or stamens and pistils) 
on separate individuals. 

diploid (Gr. diploos, double). Having two 
full chromosome complements per cell. 

division. A group of similar classes; the 
highest category regularly used in the 
taxonomic hierarchy. 

DNA. Deoxyribonucleic acid, the bearer of 
hereditary information. 

dorsiventral (L. dorsum, back + venter, 
belly). Flattened, with the two flattened 
sides unlike; having a back side and a belly 
side. 

ecology (Gr. oikos, house + logos, word or 
diseoursc). The study of the relation be- 
tween organisms and thcir environment, 
the influence of each on the other, 

egg. A nonmotile gamete which can fuse 
with a sperm to form a zygote; the female 
gamete. 

embryo (Gr. embryon, fetus). The young 
sporophyte, before it has begun to take on 
its mature form. , 

embryo sac. The female gametophyte of 
angiosperms, within which the embryo be- 
gins to develop. 

EMP pathway. The Embden-Meyerhof- 
Parnas pathway for the respiratory break. 
down of glucose to pyruvate. 

enation (L. e, from + natus, bom). A 
structure which takcs its evolutionary origin 
as an outgrowth from another structure. 

endarch (Gr. endon, within + archein, to 
be first). Maturing from the inside toward 
the outside. 

endodermis (Gr. endon, within + derma, 
skin). A layer of specialized cells in many 
roots and some stems, delimiting the inner 
margin of the cortex. 

endoplasmic reticulum. A set of irregularly 
joined and perforated double membranes 
which permeatc the cytoplasm and connect 
to the nuclear membrane. 

endosperm (Gr. endon, within + sperma, 
seed). In the broadest sense, the food-stor- 
age tissue of a seed, other than the embryo 


850 GLOSSARY 


or the seed coat; narrowly, the food-storage 
tissue developed from the triple-fusion nu- 
cleus of an angiosperm ovule. 

endospore (Gr. endon, within + spore). A 
spore which is formed within a sporangium 
or cell wall, rather than externally. 

enzyme (Gr. en, in + zymé, yeast). A 
catalyst which is a simple or conjugated 
protein. 

epicotyl (Gr. epi, upon + cotyledon). The 
part of the embryo of a seed which gives 
rise to the shoot. 

epidermis (Gr. epi, upon + dermis, skin). 
The characteristic outermost tissue of 
Icaves and of young roots and stems. 

epigynous (Gr. epi, upon + gyné, woman). 
Having the perianth and stamens attached 
at or near the top.of the ovary, rather than 
beneath it. 

eukaryotic (Gr. eu, eus, well, good + 
karyon, nut). Having a characteristic set 
of intracellular organelles (vesicular nu- 
cleus, mitochondria, Golgi bodies, endo- 
plasmic rcticulum, often also plastids) 
indicating a relatively complex organization 
of the protoplast. 

exareh (Gr. ex, out of + archein, to be 
first). Maturing from the outside toward 
the center. 

family. A group of related genera; a par- 
ticular rank in the taxonomic hierarchy, 
between the genus and the order. 

fat. A food whose molecules consist entirely, 
or almost entirely, of carbon, hydrogen, 
and oxygen, with the ratio of hydrogen to 
oxygen being greater than 2:1. 

fertilization. Fusion of a sperm with an egg. 

fiber. A long, slender, thick-walled strength- 
ening cell, usually dead when functional. 

flagellate. A unicellular or colonial organ- 
ism, Other than a bacterium, which moves 
by means of flagella. 

flagellum (L. whip). A slender, motile, 
protoplasmie projection from a cell. 

flower. A specialized short shoot with modi- 
fied leaves, some of which characteristically 
produce sexual reproductive structures, 
leading ultimately to the formation of 
seeds. 

food. Any chemical compound which can 
be broken down by living organisms to 
release energy. 


free energy. The capacity (in terms of 
energy) to do work. 

fructose (L. fructus, fruit). A sugar, found 
especially in fruit, which, like glucose, has 
the formula C,H,,O,, but with the atoms 
somewhat differently arranged. 

fruit (L. fructus). A ripened ovary, together 
with any other structures that ripen with 
it and form a unit with it. 

fruiting body. In fungi, the compact my- 
celium, usually of definite form and struc- 
ture, associated with the perfect stage in 
the life cycle. 

fundamental tissue. The pith, the cortex, 
and the primary tissue separating the 
vascular bundles. 

gametangium (Gr. gamos, marriage + ange- 
ion, vessel). Any structure in which gam- 
etes are borne. 

gamete (Gr. gamos, marriage). Any cell 
which is capable of fusing with another 
cell to form a new individual. 

gametophore (Gr. gamos, marriage + pho- 
rein, to bear). In mosses, the main body of 
the gametophyte, on which the archegonia 
and/or antheridia are borne. 

gametophyte (Gr. gamos, marriage + 
phyton, plant). The gencration which has 
n chromosomes and produces gametes as 
reproductive bodies. 

gene (Gr. genos, stock or race). A segment 
of a DNA double helix which acts as a 
template for the production of a particular 
kind of molecule of RNA; more generally, 
one of the individual bits of chromatin 
that governs thc hereditary characteristics 
of an organism. 

genera. Plural of genus. 

genome. One complete set of chromosomes; 
1.e., a chromosome complement. 

genotype. ‘The genetic make-up of an indi- 
vidual; contrast with phenotype. 

genus (L. a general kind). A group of re- 
lated species; a particular rank in the 
taxonomic hierarchy, between the species 
and the family. 

geotropism (Gr. gé, earth + tropé, a turn- 
ing). A growth response to gravity. 

germination (L. germinare, to sprout). The 
resumption of growth by any spore, seed, 
or other propagule, after a period of dor- 
mancy. 


gibberellin (Gibberella, the fungus which 
causes the foolish seedling disease of rice). 
A group of growth regulators which pro- 
mote shoot growth and have other effects 
as well. 

glucose (Gr. glucus, sweet). A common 
simple sugar with the formula C,H,,O,. 

Golgi body (Camillo Golgi, Italian zo- 
ologist). A cytoplasmic organelle of 
eukaryotes, concerned with the packaging 
of diverse carbohydrates and other sub- 
stanccs. 

guard cell. One of a pair of specialized epi- 
dermal cells bounding a stomate. 

gymnosperm (Gr. gymnos, naked + 
sperma, seed). A member of the group of 
plants characterized by having ovules that 
are not enclosed in an ovary. 

haploid (Gr. haploos, single). Having only 
one full set of chromosomes (one chromo- 
some complement) per cell. 

haustorium (L. haustor, a drawer, from 
haurire, haustum, to draw, to drink). A 
specialized organ or organelle through 
which a parasite extracts nourishment 
from its host. 

heme (Gr. haema, blood). A group of iron- 
porphyrins, including most notably cyto- 
chromes, which are important in respira- 
tory processes of both plants and animals. 

herbarium (L. herba, herb). A collection of 
plant specimens, so dried and preserved as 
to illustrate as far as possible their char- 
acteristics. 

heteroecious (Gr. heteros, other + oikos, 
house). Among rusts, requiring two differ- 
ent kinds of hosts to complete the full 
sexual life eycle. 

heterogamete (Gr. heteros, other + 
gametc). A gamete which can fuse only 
with a gamete of different form; ordinarily, 
an egg Ora sperm. 

heterosporous (Gr. heteros, other + spore). 
Producing two differcnt kinds of spores, 
one of which gives rise to male gameto- 
phytes, the other to female. 

heterothallic (Gr. heteros, other + thal- 
lus). Producing the sperms and eggs (or 
other gametes or nuclei which fuse with 
each other) on different thalli rather than 
on the same thallus: opposite of homo- 
thallic. 
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heterotroph (Gr. heteros, other + trophé, 
nourishment). An organism which does 
not make its own food: opposite of auto- 
troph. 

heterozygous (Gr. heteros, other + zygote). 
Having opposing genes on homologous 
chromosomes: opposite of homozygous. 

hexose (Gr. hex, six). A sugar, such as glu- 
cose, with six atoms of carbon in the 
molecule. 

holophytic (Gr. holos, whole + phyton, 
plant). Autotrophic, making its own food. 

holozoic (Gr. holos, whole + zoon, animal). 
Eating (ingesting) rather than making or 
absorbing food. 

homosporous (Gr. homos, one and the same 
+ spore). Having the spores all about 
alike, each giving rise to a gametophyte 
which produces both antheridia and arche- 
gonia: opposite of heterosporous. 

homothallic (Gr. homos, onc and the same 
+ thallus). Producing sperms and eggs (or 
isogametes or nuclei capable of fusing with 
each other) on the same thallus: opposite 
of heterothallic. 

homozygous (Gr. homos, one and the same 
+ zygote). Having identical (rather than 
opposing) gcnes on homologous chromo- 
somes: opposite of heterozygous. 

host. An organism, which, while still alive, 
provides food or lodging for another or- 
ganism. 

hybrid. A cross between different species; in 
genetics, a cross between individuals differ- 
ing in One Or more genes. 

hydrolysis (Gr. hydor, water + lysis, a loos- 
ing). The chemical breakdown of larger 
molecules into smaller ones by insertion of 
the components of water at the point of 
breakage. 

hydrophyte (Gr. hydor, water + phyton, 
plant). A plant which grows in water. 

hymenium (Gr. hymén, membrane). In 
fungi, a layer of asci or basidia, often in- 
termingled with sterile hyphae. 

hypha (Gr. hyphé, web). Any single fila- 
ment of a fungus. 

hypocotyl (Gr. hypo, under + cotyledon). 
The part of the embryo of a seed which 
lies just beneath the cotyledons, connect- 
ing the epicotyl to the radicle. 

hypogynous (Gr. hypo, under + gyne, 


852 GLOSSARY 


woman). Having the perianth and sta- 
mens attached directly to the receptacle, 
beneath the ovary. 

inflorescence. A cluster of flowers. 

initial. One of the relatively few cells in an 
apical meristem which remains perma- 
nently meristematic; also, a cell which by 
cell division gives rise to a particular struc- 
ture. 

integument (L. integumentum, a covering). 
One of the one or two layers which partly 
enclose the nucellus of an ovule; the fore- 
runner of the seed coat. 

internode (L. inter, between + node). The 
part of a stem between two successive 
nodes. 

interphase. The time or stage between mi- 
totic divisions of a cell. 

involucre (L. involucrum, a covering). Any 
structure which surrounds the base of 
another structure. 

isogamete (Gr. isos, equal + gamete). A 
gamete which can fuse with another of 
similar appearance to form a zygote. 

karyogamy (Gr. karyon, nut + gamos, mar- 
riage). Sexual fusion of nuclei (as opposed 
to the cytoplasm). 

latex (L. fluid). A colorless to more often 
white, yellow, or reddish liquid, produced 
by some plants, characterized by the pres- 
ence of colloidal particles of terpenes dis- 
persed in water. 

laticifer (L. latex, laticis, fluid + ferre, to 
bear). A latex-bearing tube. 

leaf. One of the primary organs of most 
vascular plants, typically being the prin- 
cipal photosynthetic organ. 

leaf gap. A parenchymatous opening into 
a stele, left by the departure of a leaf trace. 

leaf trace. A vascular bundle, from the 
point where it leaves the stele to the point 
where it enters the leaf. 

lenticel (L. lens, lentis, a lentil). A slightly 
raised area in the bark of a stem or root, 
consisting of loosely arranged, nearly or 
quite unsuberized cells. 

leucoplast (Gr. leukos, white + plastid). A 
colorless plastid. 

lignin (L. lignum, wood). A high polymer 
of several compounds derived from pheny] 
propane; an essential component of the 
cell walls of many cells, especially xylem. 


lipid (Gr. lipos, fat, grease). Fats and some 
other chemical compounds which resemble 
fats in being insoluble in water but soluble 
in certain organic solvents. 

locule (L. loculus, a little compartment). A 
seed cavity (chamber) in an ovary or 
fruit; a compartment in any container. 

lorica (L. a corselet of thongs). A wall-like 
structure, found in certain algae, which 
differs from a cell wall in that most of its 
surface is not in contact with the enclosed 
protoplast, and also in that it usually does 
not completely enclose the cell. 

lumen (L. an opening for light). The space 
enclosed by a cell wall: used especially in 
speaking of dead cells, from which the 
protoplast has disintegrated. 

lysigenous (Gr. lysis, a loosing + genesis, 
origin). Originating by degeneration of 
tissue. 

lysosome (Gr. lysis, a loosing + soma, 
body). A microbody which contains diges- 
tive enzymes. 

medullary ray. A parenchymatous connec- 
tion between the cortex and the pith of a 
stem. 

megaphyll (Gr. megas, large + phyllon, 
leaf). A leaf derived from a branch system, 
often associated with a leaf gap in the stele 
and having a branching vein system; op- 
posite of microphyll. 

megasporangium (Gr. megas, large + spo- 
rangium). A sporangium bearing one or 
more megaspores. 

megaspore (Gr. megas, large + spore). A 
spore which develops into a female game- 
tophyte. 

megasporophyll (megaspore + Gr. phyllon, 
leaf). A leaf (sporophyll) bearing or sub- 
tending one or more megasporangia. 

meiosis (Gr. meion, smaller, less). Reduc- 
tion division. 

meristem (Gr. meristos, divided). A tissue 
characterized by cell division. 

mesophyll (Gr. mesos, in the middle + 
phyllon, leaf). The tissue, other than 
vascular tissue, between the upper and the 
lower epidermis of a leaf. 

metabolism (Gr. metabolé, change). The 
complex set of interrelated chemical proc- 
esses Characteristic of life. 

metaphase (Gr. meta, beyond + phase). 


The stage in mitosis during which the 
chromosomes become (and for a time re- 
main) arranged in an equatorial plate. 

metaphloem (Gr. meta, beyond + 
phloem). Primary phloem which matures 
aftcr the protophloem, concomitantly with 
or after the surrounding tissues. 

metaxylem (Gr. meta, beyond, after + 
xylem). Primary xylem which matures 
after the protoxylem, concomitantly with 
or after the surrounding tissues. 

micelle (L. micella, a small crumb). A mi- 
nute, slender rod: applied especially to the 
cellulose rods of which cell walls are com- 
monly composed. 

microbody, Any of sevcral ellipsoid cyto- 
plasmic organelles in the size range of 
0.2-0.6 micron long, bounded by a unit 
(not double) membrane. 

micron (Gr. mikros, small). One millionth 
of a meter; one thousandth of a millimeter. 

microphyll (mikros, small + phyllon, leaf). 
A leaf, usually small, with an unbranched 
midvein whose departure from the stele 
does not leave a gap; variously thought 
to have originated as an enation or a single 
telome; opposite of megaphyll. 

micropyle (Gr. mikros, small + pylé, gate). 
The opening through the integuments of 
an ovule to the nucellus. 

microsporangium (Gr. mikros, small + spo- 
rangium). A sporangium containing micro- 
spores. 

microspore (Gr. mikros, small + spore). 
A spore which develops into a male gameto- 
phyte. 

microsporophyll (microspore + Gr. phyl- 
lon, leaf). A leaf (sporophyll) which bears 
or subtends one or more microsporangia. 

microtubule, A cytoplasmic organelle in the 
form of an elongate, very slendcr tube. 

middle lamella. The thin layer, composed 
of pectic substances, which joins two adja- 
cent cells. 

mitochondrion (Gr. mitos, thread + 
chondrus, cartilage). A cytoplasmic or- 
ganelle of eukaryotes, concerned especially 
with TCA-cycle respiration. 

mitosis (Gr. mitos, thread). A complex, or- 
derly process of nuclear division which 
ordinarily results in the formation of two 
daughter nuclei with identical hereditary 
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potentialities; loosely, cell division associ- 
ated with mitotic nuclear division. 

monocot (Gr. monos, one + cotyledon). 
Short for monocotyledon; the mono- 
cotyledons (class Liliopsida) are one of the 
two great groups of angiosperms. 

monoecious (Gr. monos, one + oikos, 
house). Bearing reproductive structures of 
both sexes on the same plant, but (in 
angiosperms) not in the same flower. 

monokaryotic (Gr. monos, one + karyon, 
nut). Having uninucleate segments, or 
having multinucleate segments with the 
nuelei not associated in pairs. Compare 
dikaryotic. 

monosaccharide (Gr. monos, one + L. sac- 
charum, sugar). Any simple sugar; i.e., a 
sugar which cannot be broken down into 
smaller molecules without ceasing to be a 
sugar. 

morphology (Gr. morphé, shape, form + 
logos, word, discourse). Form and struc- 
ture, or the study thereof, often taken to 
include the changes of form occurring dur- 
ing the life cycle. 

mutation (L. mutare, to change). An in- 
heritable change in a chromosome or gene: 
applicd especially to gene mutations. 

mycelium (Gr. mykés, mushroom). A mass 
of branching hyphae. 

mycorhiza (Gr. mykés, mushroom + rhiza, 
root). A symbiotie, fungus-root combina- 
tion; by extension, a similar association of 
a fungus and some other underground part 
of a plant. 

NAD. _ Nicotinamide-adenine-dinucleotide, 
an important coenzyme in respiratory trans- 
fer of energy. 

NADP. Nicotinamide-adenine-dinucleotide 
phosphate, an important coenzyme in both 
respiratory and photosynthetic transfer of 
energy. 

nanometer (L. nanus, dwarf + meter). 
One millionth of a millimeter; one thou- 
sandth of a micron. 

nm, Abbreviation for nanometer, q.v. 

node (L. nodus, knot). A place on a stem 
where a leaf is (or has becn) attached. 

nucellus (L., a small kernel). The tissue 
surrounding the female gametophyte of a 
seed plant; i.e., the megasporangium wall 
of a seed plant. 


854 GLOSSARY 


nucleolus (L., a small kernel). A special- 
ized, more or less spherical body within the 
nucleus. 

nucleus (L. a kernel). A protoplasmic 
vesicle (or body) characterized by the 
preserice of DNA, which governs hereditary 
characteristics of the cell; the noncyto- 
plasmic component of a protoplast. 

Occam’s Razor (William of Occam, 14th 
century philosopher). The philosophical 
principle that explanations should be no 
more complicated than necessary. 

ontogeny (Gr. onta, existing + genesis, ori- 
gin). The developmental history of an 
individual. 

odgamous (Gr. oon, egg + gamos, mar- 
riage). Producing sperms and eggs (rather 
than isogametes or anisogametes). 

oögonium (Gr. oon, egg + gonos, off- 
spring). A specialized single cell within 
which one or more cggs are produced. 

odspore (Gr. oon, egg + spore). In thallo- 
phytes, a resting cell, usually thick-walled, 
formed by fusion of a sperm with an egg. 

open bundle. A vascular bundle which has, 
or can develop, a cambium between the 
xylem and phloem. 

operculum (L.). A little lid. 

order. A group of related families; a particu- 
lar rank in the taxonomic hierarchy, be- 

= tween the family and the class. 

organ. A tissue or group of tissues which 
make up a morphologically and function- 
ally distinct part of an organism. 

osmosis (Gr. osmo, a push or thrust). The 
diffusion of water through a semipermeable 
membrane. 

ostiole (L. ostiolum, a little door). A small 
external opening of a pouch. 

ovary (L. ovum, egg). The structure which 
in angiosperms encloses the ovules. 

ovule (diminutive of L. ovum, egg). A 
young seed; the megasporangium, plus the 
enclosing integuments, of a seed plant. 

oxidation. A type of chemical reaction, 
typically involving the use of oxygen, in 
which the net positive valence of an ele- 
ment is increased. 

palmate (L. palma, the palm of the hand). 
Having several similar parts spreading from 
a common point. 

paraphysis (Gr. para, beside + physis, 
growth). One of the sterile flaments asso- 


ciated or intermingled with reproductive 
filaments in some fungi and algae; it dif- 
fers from a pseudoparaphysis in being free 
at one end. 

parasexual. Sex-like in that new eharacter 
combinations are achieved, but not strictly 
sexual because nuclear fusion and reduc- 
tion division are not involved. 

parasite (Gr. parasitos, eating beside an- 
other). An organism which obtains its food 
from another living organism. 

parenchyma (Gr. para, beside + enchein, 
to pour in). A tissue composed of relatively 
unspecialized cells. 

parthenogenesis (Gr. parthenos, virgin + 
genesis, origin). Reproduction by means 
of unfertilized eggs. 

pectic substances, Pentose or hexose poly- 
mers with incorporated -COOH groups 
which make them hydrophilic and permit 
them to combine with certain metals. 

pectinate (L. pecten, a comb, pectinatus, 
comb-like). Having a single row of lateral 
appendages, like the teeth of a comb. 

perennial (L. perennis). A plant that lives 
more than two years. 

perfect. In flowers, having both stamens 
and pistils; in fungi, having or relating to 
the structures associated with nuclear fu- 
sion. 

perianth (Gr. peri, around + anthos, 
flower). The calyx and corolla, collectively. 

pericarp (Gr. peri, around + karpos, fruit). 
The ovary wall of a fruit. 

pericycle (Gr. peri, around + kyklos, ring 
or circle). A tissue, usually parenchyma- 
tous, between the endodermis and the 
vascular cylinder. 

perigynous (Gr. peri, around + gyné, wom- 
an). Having the perianth and stamens 
united into a basal saucer or cup (the 
hypanthium) distinct from the ovary. 

periplast (Gr. peri, around + plastos, 
formed, molded). A differentiated bound- 
ing layer of a protoplast, firm but usually 
flexible. 

perisperm (Gr. peri, around + sperma, 
seed). Food storage tissue in the seed, 
derived from the nucellus of the ovule. 

perithecium (Gr. peri, around + théké 
box). An ascocarp which is closed except 
for an ostiole. 

peroxisome (peroxide + Gr. soma, body). 


A microbody which contains enzymes that 
break down hydrogen peroxide, and in 
which the glyoxylate cycle and photo- 
respiration can occur. 

petal (Gr. petalon, a leaf). A member of 
the second set of floral leaves (i., the 
set just internal to the sepals), usually 
colored or white and serving to attract pol- 
linators. 

petiole (L. petiolus, a little foot or a fruit 
stalk). A leaf stalk. . 

phanerogam (Gr. phaneros, visible, mani- 
fest + gamos, marriage). A seed plant: 
opposite of cryptogam. 

phelloderm (Gr. phellos, cork + derma, 
skin). The tissue produced internally by 
the phellogen (as opposed to the cork or 
phellem, which is produced externally). 

phellogen (Gr. phellos, eork + genesis, ori- 
gin). A lateral meristem which produces 
cork; the cork cambium. 

phenotype (Gr. phaino, shining, phainein, 
to show). The actual character of an indi- 
vidual, as expressed in its form, structure, 
or physiology: contrast with genotype. 

phloem (Gr. phloos, bark). The charac- 
teristic food-conducting tissue of higher 
plants. 

-phore (Gr. phorein, to bear). Sufhx mean- 
ing a supporting stalk. 

photon (Gr. phos, photos, light). A 
quantum of light. 

phototropism (Gr. phos, photos, light + 
tropé, a turning). A directional growth 
response to light. 

phycobilin (Gr. phykos, seaweed + L. bilis, 
bile). A class of accessory pigments, found 
in certain algae, consisting of open-chain 
tetrapyrroles tightly bound to a protein. 

phycocyanin (Gr. phykos, seaweed; kyanos, 
dark blue). A blue phycobilin. 

phycoerythrin (Gr. phykos, seaweed + 
erythros, red). A red phycobilin. 

phyllidium (diminutive of Gr. phyllos, 
leaf). A leaflike organ of bryophyte gameto- 
phytes. 

phylogeny (Gr. phylon, tribe + genos, line- 
age). The evolutionary history of a gtoup. 

physiology (Gr. physis, nature + logos, 
word, discourse). The study of the proc- 
cesses occurring in living organisms and of 
the functions of the different parts of the 
organism. 
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phytochrome (Gr. phyton, plant + chroma, 
color). A growth regulating pigment, 
chemically allied to the phycobilins. 

pigment. A substance which absorbs very 
different proportions of different wave- 
lengths of light, especially if that substance 
occurs in relatively small amounts in an- 
other substance or body whose color it 
affects. 

pinnate (L. pinna, feather). Having two 
rows of lateral branches or appendages, 
like the barbs on a feather. 

pistil (L. pistillum, pestle). The female 
structure of a flower, consisting of one 
carpel or of several carpels joined together 
in a single unit. 

placenta The tissue of the ovary to which 
the ovules are attached. 

plasma membrane. The living membrane 
at the outer edge of the cytoplasm. 

plasmodesma (Gr. plasma, anything formed 
or molded + desmos, band or chain). A 
cytoplasmic strand connecting two adja- 
cent cells. 

plasmodium (Gr. plasma, anything formed 
or molded). A naked, multinucleate mass 
of protoplasm that is not divided into sep- 
arate cells. 

plasmogamy (Gr. plasma, anything formed 
or molded + gamos, marriage). The fu- 
sion of protoplasts which precedes karyog- 
amy. 

plastid (Gr. plastos, formed or molded). A 
specialized cytoplasmic body, usually asso- 
ciated with the manufacture or storage of 
food, or obviously pigmented, or both. 

plumule (L. plumula, a little feather). The 
epicotyl of an embryo. 

pollen (L. fine flour, dust). The mass of 
yoting male gametophytes (pollen grains) 
of a seed plant, at the stage when they are 
released from the anther. 

pollination. In angiosperms, the transfers of 
pollen from the anther to the stigma; in 
gymnosperms, from the microsporangium 
to the micropyle. 

polyglucan (Gr. polys, many + glucose). 
A glucose polymer. 

polymer (Gr. polys, many + meros, part). 
A compound formed by the chemical link- 
age of a number of molecules of the same 
or Closely related kinds. 

polypeptide (Gr. polys, many + peptos, 
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digested). An amino acid polymer. 

polyploid (Gr. polys, many; ploid is of re- 
cent origin from the common endings of 
haploid and diploid). Having three or more 
sets of chromosomes. 

polysaccharide (Gr. polys, many + L. sac- 
charum, sugar). A substance formed by 
the chemical linkage of sevcral or many 
monosaccharide molecules. 

porphyrin (Gr. porphyros, purple). A tetra- 
pyrrole which forms a closed ring. 

primary tissue. A tissue derived directly by 
differentiation from an apical (or inter- 
calary) meristem. 

primary wall. In cells, the outer or first- 
formed wall layer, in contrast to the sec- 
ondary wall, 

primordium (L. the beginning). A group of 
cells which is destined to develop into a 
particular structure; e.g., a leaf primordium. 

procambium (Gr. pro, before -+ cambium). 
The young tissue of a root or shoot that 
is destined to develop into vascular tissue; 
more narrowly, the potential cambium be- 
tween the xylem and phloem of a vascular 
bundle. 

prokaryotic (Gr. protos, first + karyon, 
nut), Lacking a vesicular nucleus and 
other double-membrane organelles, indicat- 
ing a relatively primitive organization of 
the protoplast. 

prophase (Gr. pro, before + phase). An 
early stage in mitosis, in whieh the chro- 
monemata give rise to the chromosomes. 

prosthetic group. The non-amino-acid part 
of a conjugated protein, either loosely or 
tightly bound to the remainder of the 
molecule. 

protein (Gr. proteios, primary). A food 
containing nitrogen (and often other ele- 
ments) in addition to carbon, hydrogen, 
and oxygen. 

prothallial cell. A cell, or one of several 
cells, found in some male gametophytes, 
which may represent an evolutionary 
vestige of the vegetative body of the 
gametophyte. 

prothallus (Gr. pro, before + thallus). The 
gametophyte of a pteridophyte. 

protonema (Gr. protos, first + nema, 
thread). The filament (or flat thallus) 
formed by germination of a moss spore. 

protophloem (Gr. protos, first + phloem). 


Primary phloem which matures while the 
surrounding tissues are still elongating; the 
first phloem to mature at any particular 
level of the stem or root. 

protoplasm (Gr. protos, first + plasma, any- 
thing formed or molded). Living substance. 

protoplast. An organized unit of proto- 
plasm; typically, the living content of a 
cell. 

protostele (Gr. protos, first + stele). A 
stele with a solid core of xylem, lacking a 
pith. 

protoxylem (Gr. protos, first + xylem). 
Primary xylem which matures while the 
surrounding tissues are still elongating; the 
first xylem to mature at any particular level 
of the stem or root. 

pycnium (Gr. pyknos, crowded, dense). 
Among rusts, a pocket at the surface of the 
host, in which monokaryotic spores, called 
pycniospores, are borne. 

pyrenoid (Gr. pyrén, stone of a fruit, 
kernel). A specialized, proteinaceous part 
of a chloroplast, found chiefly in algae, on 
or around which starch accumulates. 

pyrrole (Gr. pyrrhos, red). A chemical ring 
of four carbon atoms and one nitrogen 
atom, each with an attached hydrogen 
atom. 

quantasome (L. quantum, how much + 
Gr. soma, body). The ultimate photo- 
synthetic unit, containing some 200-300 
molecules of chlorophyll plus all of the 
associated light-gathering apparatus. 

quantum (L. how much). An ultimate, 
indivisible unit of radiant energy. 

rachis (Gr. backbone). A main axis, such 
as that of a compound leaf. 

radicle (diminutive of L. radix, radicis, root). 
The part of the embryo of a seed which 
gives rise to the root. 

receptacle (L. receptaculum, reservoir). A 
structure which bears or contains other 
parts; in flowers, the end of the stem, 
to which the other flower parts are at- 
tached. 

reduction, A type of chemical reaction in 
which the net positive valence of an ele- 
ment is decreased (or the negative valence 
increased ). 

reduction division. The process by which 
the number of chromosomes in a cell is 
reduced from 2n to n. 


respiration. The chemical breakdown of 
foods by living organisms, resulting in re- 
lease of metabolically useful energy. 

thizoid (Gr. rhiza, root). A structure of 
root-like form and function, but of simple 
anatomy, lacking xylem and phloem. 

rhizome (Gr. rhiza, root). A creeping 
underground stem. 

ribosome (ribose + Gr. soma, body). A 
cytoplasmic organelle which contains some 
RNA and is involved in protein synthesis. 

RNA. Ribonucleic acid, an essential par- 
ticipant in the synthesis of proteins. 

root. One of the primary organs of most 
vascular plants, typically serving to anchor 
the plant in the soil and to absorb water 
and minerals. 

saprophyte (Gr. sapros, rotten + phyton, 
plant). A plant which absorbs its food, 
rather than making it or eating it. 

schizogenous (Gr. schizein, to split + 
genesis, origin). Originating by splitting 
or separation of tissue. 

sclerenchyma (Gr. skléros, hard + enchein, 
to pour in). A nonvascular strengthening 
tissue, usually dead when functional, in 
which the cells have a definite secondary 
wall that is often lignified. 

secondary tissue. A tissue derived from the 
cambium or other lateral meristem. 

secondary wall. In cells, an inner wall layer, 
formed after the primary wall and often of 
different composition. 

seed. A ripened ovule; the characteristic 
resting body in the reproductive cycle of 
many plants. 

sepal (Gr. skepé, a covering). A member of 
the outermost set of floral leaves, typically 
green or greenish and more or less leafy in 
texture. 

septum (L. a hedge or enclosure). A parti- 
tion. 

sessile (L. sessilis, sitting). Lacking a stalk. 

sexual (L. sexus, sex). Relating in some way 
to nuclear fusion or reduction division. 

shoot. The stem and leaves of a plant, 
collectively. 

sieve element. The fundamental type of cell 
in phloem, being long, slender, and thin- 
walled, and having cytoplasm but no nu- 
cleus at maturity. 

sieve plate. A perforated end wall connect- 
ing two sieve elcments. 
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sieve tube. A phloem tube formed from 
several sieve elements set end to end. 

siphonostele (Gr. siphon, tube + stele). A 
stele in which the vascular tissue surrounds 
a central pith. 

solute. A component of a liquid solution, 
whose particles are disperscd separately 
from cach other. Compare solvent. 

solution. A liquid or gaseous mixture in 
which the dispersed particles are of 
ordinary molecular or ionic size. 

solvent. The continuous component of a 
liquid solution. Compare solute. 

sorus (Gr. sdros, a heap). A cluster of spo- 
rangia or externally produced spores. 

species (L. a particular kind). A particular 
kind of plant or animal, which maintains 
its distinetness from other kinds in nature 
over a period of many successive gcnera- 
tions. 

sperm (Gr. sperma, seed). A motile gamete 
which can fuse with an egg to form a 
zygote; the male gamete. 

spindle. A structure, formed during mitosis, 
which is associated with the movement of 
the chromosomes to the poles. 

sporangium (spore + Gr. angeion, vessel). 
A case or container for spores. 

spore (Gr. spora, seed). A one-celled (sel- 
dom two-celled) reproductive structure 
other than a gamete or zygote; zygotes 
which become thick-walled and go into a 
resting stage, thus resembling many spores, 
are called zygospores or odspores. 

sporc mother cell. A cell capable of under- 
going reduction division to form spores. 

sporophyll (spore + Gr. phyllon, leaf). A 
leaf which bears or subtends one or more 
sporangia. 

sporophyte (spore + Gr. phyton, plant). 
The generation which has 2n chromosomes 
and produces spores (meiOspores) as re- 
productive bodies. 

stamen (Gr. stémon, thread, fiber). The 
male organ of a flower, i.e., the micro- 
sporophyll. 

starch. A carbohydrate food reserve consist- 
ing of a mixture of amylose, amylopectin, 
and perhaps other substances. 

statospore (Gr. statos, standing still + 
spore). A type of spore, produced by many 
Chrysophyta, in which the cell wall con- 
sists of two very unequal overlapping parts, 
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the smaller part forming a plug closing a 
pore in the larger part. 

stele (Gr. post, pillar). Same as central cyl- 
inder. 

stem. One of the primary organs of vascular 
plants, typically serving to bear the repro- 
ductive structures and display the leaves. 

stigma (Gr. the mark of a pointed instru- 
ment also, L. a mark or brand). The part 
of a pistil which is receptive to pollen. 

stipe (L. stipes, a stock, branch, or trunk). 
Any stem-like structure on which some 
other structure is borne. 

stipule (L. stipula, diminutive of stipes, 
stalk). One of a pair of basal appendages 
found on many leaves. 

stomate (Gr. stoma, mouth). A special kind 
of intercellular space in epidermal tissue, 
bounded by a pair of guard cells which, 
under certain conditions, close off the space 
by changing shape. 

strobilus (Gr. strobilos, cone). A cluster of 
sporophylls on an axis; a cone. 

style (Gr. stylos, pillar, column). The part 
of a pistil which connects the stigma to the 
ovary. 

suberin (L. suber, the cork oak). A water- 
proofing substance characteristic of the 
walls of cork cells. 

sueculent (L. succulentus, juicy). A plant 
which accumulates reserves of water in the 
fleshy stems or leaves, due largely to the 
high proportion of hydrophilic colloids in 
the protoplasm and cell sap. 

sucrose (Fr. sucre, sugar). The commonest 
disaccharide; it has the chemical formula 
C,.H,,0,, and yields equal amounts of 
glucose and fructose when hydrolyzed. 

suspension. A mixture of water and solid or 
liquid particles that are of larger than mo- 
lecular size. 

suspensor. A cell or organ, derived from the 
zygote but not part of the embryo proper, 
which in some vascular plants pushes (by 
its growth) the’ young embryo deeper into 
the tissue of the gametophyte. 

symbiosis (Gr. symbiosis, a living together). 
A close physical assoeiation between two 
different kinds of organisms, typically with 
benefit to both. 

sympodial (Gr. syn, with + pous, podos, 


foot). With the apparent main axis actu- 
ally consisting of a series of usually short 
branches. 

syncarpous (Gr. syn, with + karpos, fruit). 
With the carpels joined together to form 
a compound pistil. 

syngamy (Gr. syn, with + gamos, mar- 
riage). Fusion of gametes. 

tapetum (Gr. tapés, carpet). A nutritive tis- 
sue which degenerates during the develop- 
ment of spores or pollen grains. 

taxon (Gr. taxis, order, arrangement). Any 
taxonomic unit of classification. 

taxonomy (Gr. taxis, arrangement + 
nomos, law). Classification according to 
presumed natural (i.e., cvolutionary) re- 
lationships. 

TCA cycle. The tricarboxylic acid cycle 
(Krebs cycle) for the respiratory break- 
down of pyruvate. 

telome (Gr. telos, end). An ultimate 
branch of a dichotomously branching stem. 

telophase (Gr. telos, end + phase). The 
stage in mitosis during which daughter 
nuclei are formed. 

tetrad (Gr. tetras, four). A group of four. 

tetrapyrrole (Gr. tetras, four + pyrrhos, 
red). A group of four chemically linked 
pyrroles. 

thallophyte (thallus + Gr. phyton, plant). 
A plant in which the body is a thallus; a 
plant group consisting of the algae, fungi, 
and bacteria. 

thallus (Gr. thallos, a sprout). A complete 
plant body which lacks specialized conduct- 
ing tissues, especially if it is multicellular 
but relatively simple in form, not being di- 
vided into parts which resemble roots, 
stems, and leaves. 

thylakoid (Gr. thylakos, pouch). An in- 
dividual photosynthetic lamella, these often 
stacked to form grana within the chloro- 
plast. 

tissue. A group of cells, making up part of 
a unicellular organism, with similar or re- 
lated function(s). 

tracheid (L. trachea, the windpipe). The 
most characteristic type of cell in xylem, 
being long, slender, tapered at the ends, 
with a lignified secondary wall and without 
living contents at maturity. 


transpiration (L. trans, across + spirare, to 
breathe). Evaporation and consequent loss 
of water from a living plant. 

trichocyst (Gr. thrix, trichos, hair + kystis, 
bladder). A cell organelle, usually capable 
of producing a hair-like external appendage 
under some conditions. 

tropism (Gr. tropé, a turning). A direc- 
tional growth response to an environmental 
stimulus. 

vacuole (diminutive of L. vacuus, empty). 
A watery vesicle within a protoplast, chem- 
ically relatively inactive and usually re- 
garded as nonliving. 

vascular (L. vasculum, a small vessel). Hav- 
ing or pertaining to a conducting system; 
having xylem and phloem. 

venter (L, belly). The swollen base of an 
archegonium, containing an egg. 

vessel. A xylem tube formed from several 
vessel segments (modified tracheids with 
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imperfect or no end walls) set end to end. 

virion (A Greek ending added to virus). 
The basic structural unit of a virus, the 
form in which it is transferred from one 
host (or cell) to another. 

xanthophyll (Gr. xanthos, yellow + phyl- 
lon, leaf). A carotene-like yellow pigment 
which contains some oxygen in addition to 
carbon and hydrogen. 

xerophyte (Gr. xeros, dry + phyton, 
plant). A plant which grows in very dry 
places. 

xylem (Gr. xylon, wood). The characteristic 
water-conducting tissue of higher plants. 

zoospore (Gr. zoon, animal + spore). A 
swimming (motile) spore. 

zygospore. A zygote, formed by fusion of 
isogametes, which secretes a thick wall and 
goes into a resting stage. Compare odspore. 

zygote (Gr. zygotos, yoked). A cell formed 
by fusion of gametes. 





INDEX 


Numbers in boldface indicate 
pages containing illustrations; 
EM indicates electron micro- 
graphs. 


Abies balsamea, 418, 824, 825; 
A. fraseri, 825; A. lasiocarpa, 
831 f. 

Abscisic acid, 655; structure, 
657 

Abscission, 492 ff., 493; role of 
auxins in, 650 

Absorption, of food (by bac- 
a 97 f.: of solutes, 47 f., 
531 ff.; of water, 43 ff., 510 ff. 

Absorption spectrum, 22; of 8 
carotene, 22; of carotenoids, 
548; of chlorophylls, 546; of 
phytochrome, 654 

Accessory pigments, 547 ff. 

Acer, 78 f., 721; A. saccharinum 
(seeds), 637; A. saccharum, 
825, 826, leaf, 495, tree, 450, 
twig, 443 

Acetabularia, 157, 159 

Acetification, 105 

Acetobacter, 105 

Acetyl-CoA, 575 

Achene, 625, 626, 627 

Acid, acetic, 14, 105; amino, 18; 
fatty, 17; formic, 14; lactic, 
105; nucleic, 41 (see also 
DNA, RNA); organic, 14; 
propionic, 14 

Acorn, 687 

Acrasiales, 227 

Actinomyces, 110 

Actinomycetes, 109 f. 

Action spectrum, 660; of light 
in photosynthesis, 566 

Adansonia, 571 

Adder’s tongue, 373 

Adenine, 754, 755 

Adenosine diphosphate, 20 


See also ADP 
Adenosine monophosphate, 21 
See also AMP 
Adenosine triphosphate, 20 
See also ATP 
Adenostoma, 836 
Adenovirus, capsid (EM), 118 
ADE Uh 46 
Adventitious, 293, 444 
Adventitious roots, 468, 469, 
642 
Aecia, 259, 260 
Aeciospore, 259 
Acrobic respiration, 49, 575 
Aesculus, leaf, 494 
African violet, leaf cutting, 504 
Afterripening, 636 
Agar, 106, 209, 219 f. 
Agaricales, 257, 266 ff. 
Agaricus, 268, 484 
Agathis, 398, 409 f. 
Agave americana, 427; A. hor- 
rida, 525 
Age, of the earth, 86; of trees, 
TOS aoe 
Age of cycads, 391, 787 
“Age of ferns,” 385 
Aggregate accessory fruit, 625 
Aggregate fruit, 628 
Agrobacterium, 97, 665 
Agropyron, 833 
Ailanthus, 721 
Air chambers, in Marchantia, 
202K. 
Aizoaceae, 524 
Akinete, 131; in green algae, 
146 
Albinism, in com, 735; in ge- 
netic study, 734 
Albizia, 690 
Albugo, 235 f., 236 
Alchornea, 621 
Alcohol, 244, 592 
Alcoholic beverages, 244, 713 
Alectoria, 252 


Alethopteris, 386 

Alfalfa, root system, 469 

Algae, 81, 126ff.; blue-green, 
125 ff.; brown, 192 ff.; coral- 
line, 219; in evolutionary his- 
tory, 780; evolutionary trends, 
141; golden, We2a., green, 
139 ff.; plankton, 133, 179, 
184, 186, 189 f.; in polluted 
water, 809; red, 207 ff.; ther- 
mal, 132; yellow-green, 177 ff. 

Algal fungi, 230 ff., 277 f., 783 f. 

Algin, 193, 196 f. 

Algology, 10 

Alismataceae, 692 

Alkaline soils, 511 f. 

Alkaloids, in Cinchona, 717; in 
Solanaceae, 691 

Allard, H. A., 596 

Allele, 735 . 

Allelothorph, 735 

Allelopathy, 656 f. 

Allenrolfea, 511, 512 

Allergenic plants, 618, 721 f. 

Allium canadense, flowers, 697; 
A. cepa, initials in roots, 470 

Alloploid, 750 

Allopolyploid, 750 

Allotetraploid, 750 

Alloxanthin, 172 

Aloe, 457, 525 

Alpine tundra, 822 

Alternation of generations, 147, 
358; antithetic theory, 319; 
homologous theory, 318 f. 

Aluminum, 52 

Amanita, 266 f., 267 

Ambrosia, 618, 835 

American Code of Botanical 
Nomenclature, 698 

Amine group, 92 

Amino acids, 18, 758; essential, 
eea aa Is 

Amitosis, 64 

Ammonification, 100 
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AMP, 21 

Amphicribal bundle, 448 

Amphiphloic siphonostele, 364 

Amphiploid, 750 

Amphivyasal bundle, 448 

Amylase, 20 

Amylopectin, structure, 50 

Amyloplast, 50, 561, 569, 570; 
function of, 42 

Amylose, 50 

Anabaena, 135, 136, 378, 391 

Anabolism, 43 

Anacardiaceae, 722 

Anacardium, 722 

Anaerobic respiration, 49, 575, 
OEF. 

Anaphase, 58, 61 

Anatomy, 9 

Anatropous ovule, 610 

Andreaeales, 296, 301 f. 

Androcytes, 284 

Androecium, 601 

Andropogon, 830 

Aneurophytales, 375 

Aneurophyton, 418 f. 

Angiospermae, 8] 

See also Angiosperms 

Angiosperms, 383, 425 ff.; ances- 
try, 790; classification, 674 ff.; 
Cretaceous, 797f.; defined, 
426; economic importance, 
703 ff; evergreen, 492; evo- 
lutionary history, 787 ff.; evo- 
lutionary pattern, 790; evolu- 
tionary trends, 683 ff.; fertil- 
ization, 618 ff., flowers, 594 
ff.. food manufacture, 544 ff; 
food storage, 569 ff.; fossils, 
700, 701, 789; fiuits, 624 
ff.; growth, 642 ff; intro- 
duction to, 426f.; leaves, 
489 ff.; in medicine, 716 &.; 
life cycle, 610 f., (diagram) 
620; life span, 427; mineral 
nutrition, 528 ff.; movement, 
666 ff.; origin of, 790; orna- 
mental, 721 f.; ovule develop- 
ment, 610f., 611; 612; 
photosynthesis, 544 ff.; pollen 
development, 613 f.; primitive 
vs. advanced, 684 f.; reproduc- 
tion, 610ff.; relationships, 
790; respiration, 573 ff.; roots, 
467 ff, seed dispersal, 629; 
seed structure, 632; stems, 
441 ff.; taxonomy, 674 ff.; tis- 
sues, 427; translocation of 


foods, 568 ff.; water relations, 
508 ff. 

Angle of divergence, 491 

Angraecum, 616 

Angstrom unit, 12 

Animalcule, 89 

Animals, nature of, 6 

Anions, 530 

Anisogamy, 147 

Annual rings, 404 f. 451, 452 

Annuals, 427; desert, 835 f. 
variable seed dormancy, 637 

Annular tracheids, 310, 433 

Annularia, 353 

Annulus, in ferns, 368, 377; in 
mushrooms, 269 

Antenna, energy-gathering, 551, 

554 

Antennaria, apomixis in, 62l; 
polyploidy in, 749 

Anther, 601, 613 

Antheraxanthin, 164 

Antheridiophore, 293 f. 

Antheridium, 147; of bryo- 
phytes, 284, 294; of ferns, 370 

Anthoceros, 285 ff. 

Anthocerotopsida, 282, 284 ff., 
331; compared with Mar- 
chantiopsida, 288 

Anthocyanin, 32, 506, 737 

Anthoxanthin, 32, 737 

Anthrax, 105 

Antibiotics, 110, 275, 656 

Antimetabolites, 745 

Antipodal nuclei, 613 

Antithetic theory, 319 

Aphids, proving phloem pres- 
sure, 568 

Apical cap, in Oedogonium, 155 

Apical dominance, 444, 648 

Apical growth, 442 

Apical meristem, 325, 432; of 
roots, 470 

Aplanospore, 146 

Apomixis, 621 f.; 
ploidy, 749 

Apothecium, 242 

Appalachian coniferous 
825 

Appalachian forest, 826 

Appert, Francois, 5 

Apple, flowers, 605; fruit, 708; 
leaves, 501 

Apple rust, 263 

Arabis, 668 

Araceae, 695 


with poly- 


forest, 


‘ Arachnoidiscus, 188 


Araucaria, 398, 399, 408, 409, 
787 

Araucarioxylon, 414 

Arboviruses, 120 

Arbutus menziesii, 836 

Archaeopteridales, 375, 379 

Archaeopteris, 375, 419 

Archaeosperma, 398, 419, 420 

Archegonial chamber, 394 

Archegonial initial, 324 

Archegoniophore, 293 f. 

Archegonium, 147, 284; of bryo- 
phytes, 284, 295; of conifers, 
412; of cycads, 394; of ferns, 
370 

Arctostaphylos, 836 

Arcto-Tertiary forest, 686, 776, 
789 

Areca, 714 

Aril, 632; of nutmeg, 717 

Arisaema, 695 

Aristida, 828 

Aristotle, 770 

Aroids, 695 

Artowhead, 693 f. 

Artemisia tridentata, 459, 469, 
833 

Arthrophyta, 345 

Arthrospira, 134 f. 

Artocarpus, 709, 710 

Ascent of the sap, 513 ff. 

Asclepias, fruits, 624; seeds, 631 

Ascocarp, 240, 241; in lichens, 
Z292 

Ascogenous hyphae, 240 

Ascogonium, 240 

Ascolichens, 253 

Ascomycetes, 238 ff.; life cycle, 
240 ff., 241; taxonomy, 242 f.; 
wood-rotting, 249 f., 250 

Ascus, 238 ff., 242 

Asexual spores, 229 

Ash, 829; samara of, 627 

Aspen, 824, 832 

Aspen grove region, 83] 

Aspergillus, 273 

Assimilation, 4, 42 f. 

Associations, ecological, 814 

Aster yellows virus, 122 

Asterocystis, 212, 213 

Asteroxylon, 316 fŒ., 342 

Astragalus, 722 

Atactostele, 457 

Athiorhodaceae, 109 

Athlete’s foot, 275 


Athyrium, 379 

Atmosphere, CO, in, 545, 809; 
effect on growth, 664; indus- 
trial pollutants in, 664; oxy- 
gen in, 545 

peer. 21, 49, 548, 555 

Atriplex, 511, 834 

Augustine, St., 772 

Autecology, 9 

Autonomic growth movements, 
667 

Autoploid, 750 

Autopolyploid, 750 

Autopolyploidy, in blackberries, 
747, 748 

Autotrophic, 98 

Autumnal coloration, 506 f. 

Auxins, 648 ff. 

Auxospore, 189 

Avena, 831 

Axial field, in diatoms, 187 

Axil, 291, 442 | 

Axillary bud, 442 

Azalea, breaking dormancy in, 
659 

Azolla, 378 

Azotobacter, 101, 102 


Bacillariophyceae, 176, 186 ff. 
See also Diatoms 

Bacilli, 91 

Bacillus anthracis, 105; B. 
cereus, EM 94, 95, 96 

Bacillus coli, see Escherichia coli 

Back-up systems, 576 

Bacteria, 88 ff.; absorption of 
food, 97; cell wall, 92; chemo- 
autotrophic, 107 f.; chemo- 
synthetic, 107 f.; classification, 
90; conjugation, EM 97; cy- 
tology, 91; cytoplasm, 93; def- 
inition, 89; denitrifying, 100 f.; 
disease-causing, 105 f.; distri- 
bution, 90; economic impor- 
tance, 111 f.; evolutionary or- 
igin, 112; flagella, 92 f.; green, 
109; human symbionts, 106 f.; 
iron, 107, lactic acid, 105; 
morphology, 9l; nitrifying, 
100; nitrogen-fixing, 101 f.; 
non-sulfur purple, 109; nu- 
cleus, 93; photosynthesis in, 
108 f., 557, 562 f.; purple sul- 
fur, 109; relationships, 112, 
779 £.; reproduction, 95 f.; 
resistance to cold, 94; respira- 
tion in, 592; sexuality, 96 f.; 


sheathed, 92; spores, 94; sul- 
fate-reducing, 104; sulfur, 108, 
109; toxins, 98 

Bacteriochlorophyll, 108, 546 

Bacteriology, 10 

Bacteriophage, 119 

See also Phage 

Bacterium coli, see Escherichia 
coli 

Bald cypress, 828, 829 

Balsam, 418 

Balsam fir, 418 

Balsam poplar, 824 

Bamboo, 459, 694 

Banana, ‘448, 709 

Bangiophyceae, 208 ff., 221,781 f. 

Banyan, 477, 486 

Baobab, 571 

Baragwanathia, 318, 329 f., 342 f. 

Barberry, 260 f., 486 

Bark, in angiosperms, 455 f.; in 
conifers, 405 ff. 

Barriers to self-pollination, 614 f. 

Bases, in DNA, 754 ff. 

Basidiocarp, 256 f. 

Basidiolichens, 253 

Basidiomycetes, 254 ff., classifi- 
cation, 257; defined, 254; his- 
tory, 255; relationships, 278, 
784; sexual cycle, 255 ff. 

Basidiospore, 254, 257 

Basidium, 254, 256 f. 

Basswood, 826; achene, 627; 
stem, 451; wood, 452 

Bauhin, Jean, 679 

Beadle, George W., 732, 756 

Beagle, voyage of the, 771 

Beal, W. J., 637 

Beal’s experiment, 638 

Bean, germination, 640 

Bean seedlings, etiolated, 662 

Beck, Charles B., 383, 384 

Bedstraw, 497 

Beech, 825, 826 

Beech-maple association, 826 

Beech-maple-hemlock association, 
825 

Beets, 482, 483, 709; effect of 
temperature on flowering, 599 

Beggar tick, 769 

Beggiatoa, 108 

Bennettitales, 388, 787 

Bentham, George, 680, 681 

Berberis vulgaris, host to rust, 

. 260 ff.; roots, 486 

Bermuda grass, in lawns, 721; 
phototropic response, 669 
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Berry, 625, 626 

Bessey, Charles, 321, 345, 360, 
681, 682 

Beta vulgaris, 709 

See also Beets; Sugar beets 

Betel nuts, 714 

Betula, 824; B. alba, 441; B. 
nigra (wood), 453; B. papyri- 
fera, 824 

Bicollateral bundle, 448 

Bidens, fruit, 769 

Biennial, 427, 482 

Big tree, size, 399 

See also Sequoiadendron 

Binomial system, 79, 679 

Biochemistry, defined, 2 

Biological clock, 672 

Biology, defined, 2 

Biosynthesis of porphyrins, dia- 
gram, 766 

Biosynthetic chain, 764 

Biotic community, 793 

Biotic factors, 793 

Birch, 824; tree, 441; wood, 453 

Birds, as pollinators, 617 

Bittersweet, 631 

Black locust, 486; leaf, 494 

Black rust, 260 

Blackberries, 486, 628; poly- 
ploids, 747, 748 

Bladderwort, 505, 506, 799 

Blade, 358, 490 

Blepharoplast, 144; of Nitella, 
EM 145 

Blister rust, 262 f. 

Blueberry, 748 f. 
Bluegrass, in lawns, 721, 794 f.; 
roots, 479; in tundra, 822 
Blue-green algae, 125 ff.; carbon- 
ate deposition, 132;  carot- 
enoid pigments, 129; cell divi- 
sion, EM 128; central body, 
130; characteristics, 128 ff.; 
chlorophyll, 129; chromo- 
plasm, 130; classification, 132; 
cytology, 130f.; defined, 127; 
distnbution, 127; economic 
importance, 137; evolutionary 
history, 780; external mor- 
phology, 128; food reserves, 
131; fossils, 137; history, 126; 
motion, 128 f.; nitrogen fixa- 
tion, 132; pigmentation, 129; 
relationships, 137 f., repro- 
duction, 131; thermal, 132 

Bluestem, 830 

Body cell, 395 
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Bog, 824 

Bog forest, 829 

Boletaceae, 270 

Bonsai, 645 

Boraginaceae, type of inflores- 
cence, 608 

Bordeaux mixture, 235 

Bordered pits, 402 f., 433 

Boreal forest, 824 f. 

Boron, 52, 53 f., 538, 539, 541 

Borrelia, 110 

Borzi, Antonino, 177 

Boston ivy, 461 

Botany, defined, 2; branches of, 
of. 

Botrychium, 373 ff., 374 

Botrydiopsis, 178, 179 

Botulism, 106, 592 

Bounty, H.M.S., 709 

Bouteloua, 830 

Boysen Jensen, P., 649 

Bracken fern, 376, 379 

Bracket fungi, 270 f., 271 

Branch gap, 348, 359, 364 

Branch roots, 478 ff. 

Branch trace, 359, 446 ff. 

Brassica, 689 

Braun-Blanquet, Josias, 812 

Braun-Blanquet system, 814 

Bread mold, 237 f.; pink, 246 

Breadfruit, 709, 710 

Bristlecone pine, 405 

Britton, Nathaniel Lord, 698, 
699 

Broad sclerophyll formation, 836 

Bromus tectorum, 833 

Broom rape, 76 

Brown algae, 192 ff.; defined, 
193; distribution, 193; eco- 
nomic importance, 196; evo- 
lutionary history, 782 f.; his- 
Eo eS lite cycle, (105 f; 
relationships, 197; structure, 
193 f. 

Brown, Robert, 27, 383 

Bryales, 296 ff. 

Bryan, William Jennings, 772 

Bryology, 10 

Bryophyta, 81, 280 ff. 

See also Bryophytes 

Bryophytes, 280 ff.; character- 
istics, 283; defined, 281; eco- 
nomic importance, 304; evo- 
lutionary history, 785; fossils, 
304; history, 282; relation- 
ships, 304 f. 

Bryopsida, 282 ff., 296 ff. 


Buchloe dactyloides, 830 ” 

Buckeye, 826 

Bud, axillary, 
595; terminal, 443; vegeta- 
tive, 441 f.; vegetative chang- 
ing to floral, 595 f. 

Bud scales, 400, 443, 505 

Budding, in grafting, 465; in 
yeasts, 243 

Buffalo grass, 830 

Bulb, 463 f. 

Bulbil, 504 

Bulliform cells, 501 

Bundle sheath, 502 f.; in pines, 
407 f., 408 

Bur sage, 835 

Burbank, Luther, 751 

Busch, Hans, 25 

Buttercup, 822; root section, 
474; stem section, 447; sto- 
mates, 500 


Cactaceae, 688 

Cacti, 688; roots, 469 

Cactus, saguaro, 525, 836 

Calamitales, 352 ff, 

Calamites, 352 

Calamophyta, 345 

Calamophyton, 354, 355 

Calamopitys, 419 

Calcium, 52, 53, 528, 537, 
538, 539, 541 

Calcium carbonate, in soil fer- 
tility, 534 

California laurel, 836 

Callistophyton, 386 

Callixylon, 375 

Callose, 435 

Callus, 665 

Calobryales, 289 

Calochortus nuttalli, 722 

Calorie, 20, 584 

Calvin, Melvin, 556, 559 

Calvin cycle, 556, 559 

Calyptra, 294 

Calyptrogen, 471 

Calyx, 600 

Cambium, 336, 432; of coni- 
fers, 402; of dicots, 449 f., 
451; of monocots, 458 

Camellia sinensis, 713 

Camerarius, Rudolf, 725 

Campanula, 645, 647 

Canada balsam, 418 

Canada thistle, root system, 486 

Canary grass, 649 

Candolle, see de Candolle 


442.' flower, — 


` Cane sugar, 570 


Cannabis sativa, 715, 716 

Cannel coal, 342 

Canning, 5, 106 

Capillary action, 509 

Capillitium, of myxomycetes, 
226, 227; of puffballs, 272 

Capsella, young seed, 632 

Capsicum, 710 

Capsid, 116 

Capsule, in angiosperms, 626, 
627; in bryophytes, 283 

Carbohydrase, 20 

Carbohydrates, 16 f.; storage of, 
20, 569 f. 

Carbon, 52, 53 

Carbon chemistry, 13 

Carbon cycle, 104 

Carbon dioxide, in atmosphere, 
545, 564, 809; in photosyn- 
thesis, 559 f., 564 f. 

Carbonate deposition, 132 

Carboniferous period, vegetation, 
786 

Carex, 631, 822 

Carinal canal, 348 

Carnegiea gigantea, see Cereus 
giganteus 

Carnivorous plants, 7, 504 f£., 
505, 671 

Carotene, 37, 547 f.; B-carotene 
(absorption spectrum) 22, 
(structure) 37 

Carotenoid pigments, 547 f.; ab- 
sorption spectra, 548; func- 
tion, 548 

Carpel, 602 f. 

Carpogonium, 210 

Carposporangium, 212 

Carpospore, 211 f., 214 

Carrageenin, 209, 219 f. 

Carrot, fruit, 630; root, 482 

Carrot family, inflorescence, 607 

Carthamus tinctorius, 720 

Caruncle, 632, 640 

Carya, 826 

Caryophyllaceae, 687 f. 

Caryophyllales, perisperm, 633 

Caryopsis, 626, 627 

Cashew, 722 

Casparian strip, 310, 475 f. 

Caspary, J. X. Robert, 475 

Cassava, 708, 709 

Cassia, seed longevity, 637 

Castilla ulei, 720 

Castilleja, pollinated by hum- 
mingbirds, 617 


Castor beans, germination, 640 

Cat brier, leaf, 496 

Catabolism, 43 

Catalase, crystalline, EM 588 

Catalpa, effect of photoperiod, 
661; seeds, 63] 

Catalyst, 19 

Cations, 530 

Catkin, scarlet oak, 617; willow, 
686 

Caudex, 462 

Caulerpa, 142, 157, 158 

Caulidium, 283 

Cave moss, 302 

Caytonia, 388 

Caytoniales, 387 f. 

Cedar, western red, 805, 832; 
white, 829 

Cedar apple, 263 

Cedar-apple rust, 263 

Celastrus, 631 

Cell, EM 24, 28 ff, EM 35; 
division, 55 ff., 58 f., EM 96; 
functions, 41 ff.; meristematic 
195; parenchyma, 194 f.; shape 
S26; “Size, 28 f.: 
28 ff. 

Cell plate, 62, EM 63, 64 

Cell sap, 29, 32 

Cell theory, 3, 27 


? 


? 


structure, 


Ccll wall, 30 f, EM 31; bacter- 
ial, 92; formation, 62; func- 


tion, 4l; micelles, EM 472 
Cellulase, 20 
Cellulosan, 30 
Cellulose, 30 
Centipede grass, 721 
Central body, EM 128, 130 
Central cylinder, 309, 446 
Central vacuole, 29, 32 
Central Valley, Calif., 831 
Centric diatom, 187 
Centrifugal force, countering ge- 
otropism, 668 
Centrifugal inflorescence, 606 
Centriole, 57, 144 
Centripetal inflorescence, 606 
Centromere, 57 f., EM 60 
Century plant, 427 
Ceratopteris, 379 
Cereal crops, 705 ff. 
Cereus, 677; C. giganteus, 525, 
836 
Chadefaud, Marius M., 179 
Chamaecyparis thyoides, 829 
Chamaephyte, 819 f. 
Chamiso, 836 


Chaparral, 836, 837 

Chara, 160, 161 

Charophyceae, 160 f. 

Charophyte, 161 

Checkerboard, in genetic studies, 
Pea 27, 730 

Chemistry, carbon, 
ganic, 13 ff. 

Chemoautotrophs, 100, 107 f. 

Chemonasty, 670 

Chemosynthesis, 100, 107 f. 

Chemotaxis, 669, 670 

Chemotropism, 667, 669 


13 ff.; or- 


Chenopodium, photonastic move- 


ment, 670 
Cherry flower, section, 605 
Chestnut blight, 246, 826 
Chicle, 713 
Chicory, head, 694 
Chitin, 6, 92, 228 
Chlamydobacteriales, 92, 107 
Chlamydomonas, 8, 140, 141, 
143, 147, 148 f., flagellum, 
EM 145 
Chlamydospermae, 422 
Chlorella, ratio of chlorophylls, 
5 
Chlorenchyma, 327, 429, 501 f. 
Chlorine, 52 
Chlorobacteriaceae, 109 
Chlorobium, 108 
Chlorococcum, 150 f., 151 
Chloromonadophyceae, 176 f. 
Chloromonads, 176 f. 
Chloronema, 297 
Chlorophyceae, 140 ff. 
See also Green algae 
Chlorophyll, 36, 545 ff.; acces- 
sory, 546 f., “active” molecule 
in, 551; bacterial compared 
with nonbacterial, 546; bulk, 
551 
Chlorophyll a, 546, 547; struc- 
tural formula, 36 
Chlorophyll a 700, 551, 554 f. 
Chlorophyll b, 36, 546, 547 
Chlorophyll c, 172, 547 
Chlorophyll d, 208, 547 
Chlorophyta, 139 ff. 
See also Green algae 
Chloroplast, 34, 36, 37, EM 
543, 549 ff., EM 550 
Chlorosis, 536, 539 
See also Iron 
Chocolate, 713 
Chondromyces, 111 
Chondrus crispus, 220 
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Christensen, Tyge, 184 

Christmas fern, 359 

Chromatid, 57 

Chromatin, 41 

Chromatium, 108 

Chromonema, 40, 57 

Chromoplasm, 130 

Chromoplast, 34; function, 42 

Chromosome, 40f., 57 ff; ho- 
mologous, 69 

Chromosome complement, 68 

Chromosome counts, 633 

Chromosome number, in taxo- 
nomic study, 676 

Chromulina, 184 

Chrysamoeba, 184, 185 

Chrysanthemum, 596 

Chrysolaminarin, 176, 179 

Chrysophyceae, 176, 182 ff. 

Chrysophyta, 175 ff., 783 

Chytridiales, 231 f. 

Chytridiomycetes, 230 ff. 

Chytrids, 231 f. 

Cibotium, 366 

Cichorium, head, 694 

Cicuta, 482, 722 

Cinchona, 717 

Cingulum, 187 

Cinnamon, 711, 712 

Circadian rhythm, 672 

Circinate, 366 

Cirsium arvense, root system, 
486 

Cisternae, 62 

Citric acid cycle, 580 

See also TCA cycle 

Citrus sinensis, 708 f. 

Cladode, 461 

Cladonia, 252, 253, 822 

Cladophyll, 461, 462 

Clamp connection, 254 f. 

Class, 78 

Classification, of angiosperms, 
647 ff.; present, 82; prineiples 
of, 77f.; traditional, 81, 84, 
85 

Clavaria pyxidata, 271 

Claviceps, 245 f. 

Clay, 438 

Claytonia, 826 

Cleistothecium, 242, 245 

Clematis, achene, 627 

Clements, Frederic E., 796, 810 

Climate, effect on soils, 439 

Climax community, 796 ff., 810 

Clitocybe brumalis, 267 

Clone, 461 
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Closed bundles, 458 
Clostridium, 101, 592; C. botu- 
linum, 106 
Clover, coumarin in, 655; flower 
of, 607; in lawns, 794 f.; sleep 
movements, 671; tropic re- 
sponse, 668 
Cloves, 712 
Club fungi, 254 ff. 
See also Basidiomycetes 
Club mosses, 320 ff., 325 ff. 
See also Lycopodium; Sela- 
ginella 
Clubroot of cabbage, 228 
Clusia, fruit, 627 
Cluster cups, 261 
Coal, 342, 355, 379, 786 
Cobalt, 52, 54 
Cocci, 91 
Coccidioides immitis, 275 
Coccolithophores, 184 
Coccoliths, 184 
Cocklebur, initiation of flowers, 
595, 598; differential seed- 
dormancy, 637 
Cocoa, 713 
Coconut, 631, 696, 709 
Coconut-milk factor, 658 
Cocos nucifera, 631, 696, 709 
Codon, 758 
Coenocytic, 141 
Coenopteridales, 373 
Coenzyme A, structure, 574 
Coenzymes, 19 
Coffee, 712 f. 
Cohesion, Dixon’s theory of, 
O13 f. 
Cohn, Ferdinand, 27, 89 f., 106 
Cola nitida, 714 
Colacium, 166 
Colchicine, 750 
Cold desert, 833 f. 
Cold hardening, 663 f. 
Coleoptile, 633; reaction to 
light, 649 f. 
Coleorhiza, 633; in cycads, 396 
Coleus, abscission of leaves, 493 
Collateral bundles, 448 
Collenchyma, 429 
Colletia cruciformis, 461, 462 
Colloid, 12 
Columclla, in Anthocerotopsida, 
286, 287; in mosses, 300; in 
Rhizopus, 237; in slime 
molds, 226 
Commensalism, 99 


Companion cells, 430, 435 


Competitive exclusion, principle 
of, 778 
Complete flower, .606 ' 
Complex tissues, 428 
Compositae, 692 ff., 693, 694; 
inulin in, 569; ornamentals, 
721 
Compound cones, 422 
Compound cyme, 609 
Compound leaves, 366 
Concentric bundle, 448 
Conceptacles, in brown algae, 
202, 203, 204, 205 
Conchocelis, 214 
Cones, conifer, 408 ff.; cycad, 
389 
Conidiophore, 229 
Conidium, 229; in Ascomycetes, 
238; in bacteria, 95; in Basi- 
diomycetes, 255 
Coniferales, 399 ff. 
See also Conifers 
Coniferophyta, 384 
See also Coniferophytes; 
Conifers 
Coniferophytes, 384, 397 ff.; 
characteristics, 397 f.; classifi- 
cation, 398; economic impor- 
tance, 417 f. 
See also Conifers 
Conifers, 399 ff.; economic im- 
portance, 417 f.; in evolution- 
ary history, 787; female ga- 
metophyte, 412; fertilization, 
412; fossils, 414; leaves, 407 f.; 
Mesozoic, 787; ovule, 410; 
pollen, 411, 412; pollination, 
412; roots, 407; seeds, 413; 
stem, 400, 402 ff. 
Conium maculatum, 691, 722 
Conjugation, 68; in bacteria, 
EM 97; in Spirogyra, 153, 
154 
Connecting band, 187 
Connecting filaments, 201 
Connective, 601 
Conocephalum conicum, 280 
Conserved list, 699 
Conyza canadensis, 801, 803 
Cooksonia, 316, 330 
Cooperage, 719 
Copper, 52, 54, 530, 542 
Copper Basin, Tenn., 664 
Coprinus, cross section, 268 
Coptis trifolia, flower, 685 
Coralline algae, 219 


` Corallorhiza, dependence on my- 


corhizae, 485 f. 

Coralroot, dependence on my- 
corhizae, 485 f. 

Corda, August, 238, 255 

Cordaitales, 398 f. 

Cordaites, 399 

Cork, 26f., 430, 435 f., 457; 
in woody monocots, 459; 
stages in formation, 436 

Cork cambium, 336, 406 f., 432 

Cork oak, 456, 457 

Corm, 462 ff., 463 

Cormophyta, 281 

Corn, 707 f; albino mutant, 
735; efhciency in photosyn- 
thesis, 567; genetic segrega- 
tion, 728, 735; germination, 
639; grain, 634; hybrid, 742 
ff., 743; monoecious, 606; 
stem, section, 458; sweet, 
570, 634; types of, 707 

See also Maize 

Corn belt, 830 

Corn smut, 264 

Cornus canadensis, 609 

Corolla, 600 

Corpus, 443 f. 

Cortex, in herbaceous dicot 
stems, 449; in Laminaria, 
201; in Psilotum, 310f.; in 
roots, 476 

Corti, Bonaventuri, 27 

Corymb, 607 

Cosmarium, 154 

Cosmic rays, role in mutation, 
IES 

Cotton, 718; leaf shape, 646 

Cotton grass, 822 

Cottonwood, seeds, 631 

Cotyledons, 329, 413, 632; 
functions, 639 f. 

Coulter pine, 513 

Coumarin, 655; structural for- 
mula, 657 

Cover cell, in bryophytes, 284; 
in ferns, 370 

Cowles, Henry C., 796 

Crab grass, in lawns, 794 f. 
leaf, 496; stem, 462 

Crassula argentea, 525 

Crassulaceae, 504, 524 

Crataegus, 459; apomixis and 
polyploidy in, 749; twig, 460 

Crenothrix, 108 

Creosote bush, 524, 526, 834 f., 
835 


Cretaceous period, vegetation, 
787 £. 

Crevice plants, 798 

Grice FH. C. 756 

Cristae, 37 

Crocaxanthin, 172 

Crocus, thermonasty, 670 

Cronartium ribicola, 262 

Cronquist, Arthur, 201, 308, 
683 

Crossing over, 67, 71, 729, 740 

Crown gall, 97, 665 f., 666 

Crozier, 240, 242 

ai irae, 6OSf.: fruits, 627 

Cryptogams, compared with 
phanerogams, 358 

Cryptomonadales, 174 

Cryptomonads, 171 ff. 

Cryptomonas, 172 

Cryptophyceae, 171 ff., 782 

Cryptophyta, 171 ff. 

Cryptophytes, 819 f. 

Cucumber, 629 

Culture media, 105 f. 

Currant, in blister rust, 262 

Cuscuta, 8, 775; haustorium, 
487, 488 

Cuticle, 311, 430 

Cutin, 288, 311, 430 

Cuttings, 464 f.; of African vio- 
let, 504; chemically treated 
for rooting, 650 f., 651 

Cyanophyceae, 125 ff. 

See also Blue-green algae 
Cyanophycean starch, 131 
Cyanophyta, 138 
Cyathea arborea, 357 
Cyatheaceae, 377 
Cycadales, 390 ff. 

Cycadeoids, 388, 787 

Cycadicae, 384 ff. 

Cycadophyta, 384 

Cycadophytes, 384 ff; classifi- 
cation, 384f.; economic im- 
portance, 397; relationships, 
oe 

Cycads, 389, 390 ff., 787; eco- 
nomic importance, 397; fe- 
male gametophyte, 393 f.; 
leaves, 391 f.; life cycle, 396; 
poilen, 411; root, 390 f.; 
stem, 391 

Cycas, 397 

Cyclic electron transport, 557 

Cyclic photophosphorylation, 
557 

Cyclosis, 33, 49 


Cyclosporae, 202 ff.; life cycle, 
196, 202, 203 

Cymbalaria, 11 

Cyme, 607 f. 

Cynodon, phototropic response, 
669; in lawns, 721 

Cyperus papyrus, 522 

Cypress, bald, 828 f., 829 

Cypripedium acaule, 698 

Cystocarp, 217 

Cytisus scoparius, stems, 461; 
fruits, 631 

Cytochrome, in photosynthesis, 
548 f., 555; in respiration, 
503 E. 

Cytochrome system, in respira- 
tion, 583 f. 

Cytokinesis, 56, 62 

Cytokinins, 658 

Cytology, 9 

Cytopharynx, 164 

Cytoplasm, 29, 32 f.; bacterial, 
93; functions, 42 

Cytoplasmic inheritance, 739 

Cytoplasmic membrane, 532 f. 

Cytosine, 754; structural for- 
mula, 755 

Cytostome, 164 


Dahlia, tuberous root, 482 

Dandelion, contractile roots, 
483; fruiting heads, 630 

Danilov, Afanasii Nikolaevich, 
250 

Dark reactions, 552, 558 ff. 

Darrow, Clarence, 772 

Darwin, Charles, 616, 649, 699, 
770 ff., 771 

Dasya pedicellata, 207 

Dasycladales, 159 

Date, 709, 710 

Datura, 466, 734 

Dawson, John W., 314, 337 

Day length, effect on flowering, 
596 ff.: effect on leaf fall, 
489, 492; effect on vegetative 
growth, 660 f. 

Day-neutral plants, 597 f. 

Death Valley, Calif., 834 | 

De Bary, Heinrich Anton, 230, 
250, 262 

de Candolle, Alphonse, 698, 
704 

de Candolle, Augustin Pyramus, 
679, 680 
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Deciduous, 491 f. 

Deciduous habit, 819 

DeDuve, Christian René, 588 

Deficiency diseases, 537 ff.; key 
to symptoms (in tomato 
plants), 540 ff. 

Degeneria, 685 

Deliquescent branching, 450 

Delphinidin, structure, 32 

Denitrification, 190 f. 

Deoxyribonucleic acid, 41 

See also DNA 

Dermatophytes, 275 

Desert, cold, 833 f; 
834 ff. 

Desert vegetation, 818 

Desert woodland, 834, 835 

Desmids, 154 

Desmocapsa, 169 

Desmocapsales, 169 

Desmomonadales, 169 

Desmomonas, 169 

Desmophyceae, 169, 782 

Desulfovibrio, 104, 112 

Determinate inflorescence, 606, 
607 f.; types of, 609 

Deuteromycetes, 273 

Devonian period, 
786 

Dextrose, 16 

Diadinoxanthin, 164, 186 

Dianthus leaf, 502 

Diarch stele, 366 

Diatomaceous earth, 190 

Diatoms, 186 ff.; cell wall, 187; 
centric, 188, 189; classifica- 
tion, 189; distribution, 186; 
economic importance, 189 f.; 
motion, 187; need for silicon, 
52; pennate, 187, 189; rela- 
tionships, 783; reproduction, 
189; structure, 186 f. 

Diatoxanthin, 186 

Dichasium, 608, 609 

Dichotomous branching, 363 

Dicots, 426, 633; compared with 
monocots, 675; diagram of 
structure, 427; Icaves, 494 ff.; 
probable relationships, 683 

Dicranella, 301 

Dictyophora, 272 

Dictyosiphon, 200 

Dictyosome, 38 

See also Golgi body 
Dictyostele, 364 
Dictyostelium discoideum, 228 


warm, 


vegetation, 
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Dictyota, 199, 200 

Dieffenbachia, rooted cutting, 
464 

Differentially permeable mem- 
brane, 43 

Differentiation, in growth, 644, 
64>, 775 

Diffuse-porous wood, 452 

Diffusion, 13 

Diffusion pressure deficit, 45 f. 

Digestion, 4, 51 

Digitalis purpurea, 599, 716 

Digitaria sanguinalis, 462 

See also Crab grass 

Digitately compound, 366 

Dihybrid, 729 

Dikaryotic, 254 

Dinobryon, 185 f. 

Dinoflagellates, 167, 
173; armored, 170 

Dinophyceae, 169, 782 

Dinothrix, 171 

Dioecious, 392, 408, 606 

Dionaea, 7, 505, 671 

Diodn, 394, 397 

Dioscorea, 708 

Diploid, 69 

Disaccharide, 16 

Disclimax, 806 

Discomycetes, 243 

Diseases, bacterial, 105 f. 

Disturbance, effects on vegeta- 
tion, 801 f.; role in evolu- 
tion, 778 

Division, 78 

Divisions, keys to, 839 ff. 

Dixon, H H, 513 

DNA, 41, 754 ff.; model, 753; 
structure, 755 

Doctrine of Signatures, 289 

Dodder, 8, 775; haustorium, 
487, 488 

Dodge, Bernard O., 246 f., 732 

Dominance, incomplete, 733 f.; 
influenced by environment, 
734; reversal of, 734 

Dominant characters, 726 

Dormancy, 645; in buds, 444; 
chemical breaking of, 659; in 
seeds, 635 f.; variable, 637; in 
woody stems, 451 

Dormin, 655 

Dorsiventral, 285 

Double coconut, 633 

Double fertilization, 620 f. 

Double helix, 756 


169 ff., 


Douglas fir, 418, 804 f., 832 

Downy mildews, 235 

Doyle, James, 701 

Draba, 822 

Dracaena, 459 

Drimys winteri, 674 

Drinks, 717 f. 

Dropsy, 716 

Drosera, 505, 670 

Drosophila, 738, 773 

Drouet, Francis, 133 

Drought-enduring species, 524 

Drupe, 625, 626 

Dryopteris, 367, 379 

Dujardin, Félix, 27 

Durum wheat, 705 

Dutrochet, R. J. H., 69 

Dwarf cornel, 609 

Dwarf forest, 646 

Dwarfism, induced by grafting, 
466; induced by unfavorable 
conditions, 645 

Dyestuffs, 720 f. 


Earth, age of, 86 

Easter lily, 596 

Eastern deciduous forest, 826 

Echeveria, 508, 525 

Eclipse phenomenon, 121 

Ecological niche, 777 

Ecology, 1, 9, 792 ff.; role in 
speciation, 777 

Economic botany, 10, 703 ff. 

Ecotone, 794 

Ecotype, 777 

Ectocarpus, 198, 199 

Ectophloic siphonostele, 364 

Edaphic factors, 793 

Figg, 68 

Ehrenberg, Christian G. 89, 
164, 170 

Eichhornia, 478, 522 

Eichler, August Wilhelm, 680 

Einkorn wheat, 706 

Elaioplasts, function of, 42 

Elaters, of Equisetum, 350; of 
liverworts, 287 f. 

Elderberry, lenticel, 456, type of 
inflorescence, 608 

Electrical balances, in soil, 531 f. 

Electron microscope, 25 

Electron transport, in photosyn- 


thesis, 555; in respiration, 
Sopa 
Flemtnts essential for plant 


growth, 52f., 529 ff; func- 


+ 


tions, 53; macrometabolic, 

52; trace, 52 
See also Mineral nutrition 

Elm, 721; leaf, 495; samara, 
627 

Elodea, stem tip, 442 

Embden, Gustav Georg, 576 

Embden-Meyerhof-Parnas, see 
EMP pathway 

Embryo, 28l; of angiosperms, 
632; of bryophytes, 284; of 
conifers, 413; of ferns, 371; 
of grass seeds, 633 

Embryo sac, 610 

Embryobionta, 82, 281 ff. 

Embryophytes, 281; evolution- 
ary history, 784 ff. 

Emerson, Robert, 556 

Emmer wheat, 705, 706 

EMP pathway, 575, 576 ff.; dia- 
gram, 577; energy relations, 
584 f. 

Empedocles, 770 

Emulsion, 12 

Enation, 360 

Enation theory, 36] 

Encelia farinosa, 651 

Encephalartos, 389 

Endarch stele, 364, 474 

Endlicher, Stephan L., 281 

Endocarp, 625 

Endodermis, 432; diagram, 476; 
in Psilotum, 310; of roots, 
475; of stems, 449 

Endoenzyme, 98 

Endomycetales, 243 

Endoplasmic reticulum, 34, EM 
35, 39; function, 42 

Endosperm, 619, 632, 633 

Endosperm nucleus, 619 

Endospore, 94, 131 

Endosymbiont hypothesis, 780 f. 

Endosymbionts, 549 f., 780 f. 

Endothia parasitica, 246 

Energy, free, 15 

Energy relations, EMP pathway 
and TCA cycle, 584 f. 

Energy transfer in photosynthe- 
Sis: f. 

Energy trap in photosynthesis, 
554 

Engler, Adolf, 680, 681 

Englerian system, 680 f. 

Enhancement effect, 556 

Environment, effect on photo- 
synthesis, 563 ff. 


Enzymes, 19f.; classification, 
20; nomenclature, 20 

Ephedra, 421, 422 

Ephemerals, 523, 524, 835 f. 

Epibasidium, 256 

Epicotyl, 396, 632, 639 

Epidermis, 430 f.; of leaves, 498 
ff., 500; of lycopods, 325; of 
roots, 477; of stems, 449 

Epigaeous germination, 639 

Epigynous flowers, 601; 605 f. 

Epinasty, 670 

Epipetalous stamens, 601 

Epiphyte, 99, 513, 536 

Epiplasm, 242 

Epitheca, 187 

Equatorial plate, 58, 61 

Equisetales, 345 

Equisetites, 352 

Equisetoid fossils, 343 

Equisetophyta, 344 ff. 

Equisetopsida, 345 

Equisetum, 344, 345 ff., -798; 
gametophyte, 350; life cycle, 
349 ff., 351; root, 349; shoot, 
346 ff. 

ER, see Endoplasmic reticulum 

Eremochloa, 721 

Ergot, 245 ff., 246, 247 

Ergotism, 246 

Ericaceae, 689; mycorhizae in, 
484, 486 

Eriophorum, 822 

Erosion, 806, 808, 813 

Erosion pavement, 806, 808 

Erysiphales, 244 f. 

Erysiphe, 245 

Escherichia coli, EM 88, EM 
974106, 112 

Espeletia, 823 

Essential elements for plant 
growth, 52f.; functions, 53 

Etapteris, 373 

Ethylene, 658 f. 

Etiolation, 656, 66] 

Euascomycetes, 243 

Eubacteriales, 90, 91 

Eucalyptus, leaves, 501 

Euchlaena, 707 

Euglena, 7, 8, 163, 165 f. 

Euglenoids, 164 ff. 

Euglenophyceae, 164 ff. 

Euglenophyta, 163 ff. 

Eukaryotes, 8 f., 780; characters, 
89 

Eumycotina, 228 ff. 


Euphorbia, cactus-like, 678 

Euphorbiaceae, 691 

Eurotia lanata, 511, 834 

Eusporangiate, 323 

Eusporangiate ferns, 368 ff. 

Eustele, 448; diagram, 447 

Euterpe, aerial roots, 667 

Eutrophic, 800 

Eutrophication, 800; accelerated, 
807, 809 

Evening primrose, genetic segre- 
gates, 773; haploid sporo- 
phyte, 747; photonastic move- 
ment, 670; seed longevity, 
638 

Evergreen, 491 f. 

Evernia, 252 

Evolution, 3, 769 ff., Neo-Dar- 
winian, 773; non-Darwinian 
concepts, 772 f.; principles of, 
770 

Evolutionary history of plants, 
fia 

Evolutionary pattern, 
sperms, 790 f. 

Evolutionary trends, among al- 
gae, 141; among Angiosperms, 
683 ff. 

Exarch stele, 364, 474 

Excited electrons, 552 ff. 

Excited molecules, 552 

Exciton, 552, 554 

Excurrent branching, 399 

Exinc, 392, 614 

Exocarp, 625 

Exodermis, 476 

Exoenzymes, 98, 229, 276 

Exuviaella, 169 

Eyespot, in green algae, 144 


angio- 


F:, Fe, Fs, etc., 727 

Factor, in genetics, 726 

Facultative parasite, 98 

Facultative saprophyte, 98 

Fagaceae, 687 

Fagus grandifolia, 826 

Fairy rings, 266 

Family, 78 

Fats, 16, 17; in seeds, 572; stor- 
age, 50; respiration of, 585 f. 

Fatty acid spiral, 586 f. 

Fatty acids, 17; respiration of, 
586 

Fermentation, 49, 104f., 575, 
591 f. 

Fern allies, 358 
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Ferns, 357 ff; antheridium, 
370; archegonium, 370; char- 
acteristics, 362; classification, 
371; economic importance, 
379; edible, 379; embryo, 
371; fiddleheads, 366; fossil, 
372 f., 375; gametophyte, 369, 
371; habit, 363 f.; leaf, 366 
f.; life eycle, 372; occurrence, 
361f.; relationships, 379 f.; 
root, 365; sporangia, 369; 
stem, 363 f. 

Ferredoxin, 555 

Fertile spike, 368 

Fertilization, 68; in angiosperms, 
618 ff.; in bryophytes, 284; in 
conifers, 412 f. 

Fibers, 310, 429, 430, 434; tex- 
tile, 716 & tactile, 

Fibonacci, Leonardo, 491 

Fibonacci series, 491 

Fibrous root system, 468 f., 469 

Fibrovascular bundle, 449 

Ficus, 718; F. benghalensis, 477, 
486 

Fiddlehead of ferns, 366 

Field capacity, 509 

Fig, fruit, 628 

See also Ficus 

Filament, 601 

Filicales, 375 ff. 

Filicophyta, 360 

See also Ferns 

Fir, balsam, 418, 824, 825 

Fir, Douglas, 418, 804 f., 832 

Fire, effect om pine cones, 413; 
effect on pine forests, 828; 
effect on vegetation, 646, 
801, 804 f., 805, 806 

Fire climax, 832 

Fire trees, 801, 804 f., 832 

Fission, 96 

Flagella, in evolutionary history, 
782 f.; of bacteria, 91, 92 f.; 
of Chlamydomonas, EM 145; 
of eukaryotes, 143 ff; of 
Pyrrophyta, 169 f.; types of, 
144 

Flagellates, 126 

Flavones, 737 

Flavonoid pigments, 32 

Flax, 718 f. 

Fleming, Alexander, 275 

Flies, as pollinators, 616 

Floral organs, 600 ff. 

Floridean starch, 208 
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Florideophyceae, 208 ff., 781 f. 
Floridoside, 208 

Florigen, 595 

Flower bud, cross section, 603 
Flower constancy of bees, 616 


Flowering, 595 ff.; effect of 
minerals, 599; effect of pho- 
toperiod, 506 ff., effect of 


phytochrome, 654, 655; ef- 
fect of temperature, 598 f.; 
role of florigens, 595 

Flowering plants, 426 ff. 

See also Angiosperms 

Flowers, 594 ff., double, 602, 
721; initiation, 595 ff, primi- 
tive, 685; primitive vs. ad- 
vanced, 680; sleep move- 
ments, 670; structure, -600 ff.; 
types, 601, 605 f. 

Fluoridation, 53 

Follicle, 624, 626 

Food, 15 ff.; manufacture, 544 
ff.; storage, 49 f., 569 ff.; stor- 
age organs, 570f.; transloca- 
tion, 568 f. 

Food chain, 48 

Food crops, 704 ff.; origin, 704 f. 

Food storage, in roots, 482, 
570 ff.; in seeds, 572; in stems, 
font 70 A 

Foolish-seedling disease, 652 

Foot, in bryophytes, 283 

Forest, 817; beech-maple, 826; 
bog, 829; boreal, 824 f.; 
Douglas fir, 804, 832; eastern 
deciduous, 826; hemlock-hard- 
wood, 825; maple-basswood, 
826; mixed mesophytic, 826; 
oak-chestnut, 826; oak-hick- 
ory, 826, 827; pine, 826 ff., 
827; rain, 837; southeastern 
evergreen, 826 ff.;  spruce-fr, 
S24 1., Sali; tropical, $36f., 
837, 838; western coniferous, 
831 ff.; white pine, 825 

Form genera, 274, 337, 386, 
399 

Formaldehyde, 14 

Formations, ecological, 813 f. 

Fossils, 784 ff.; classification, 
324 f. palms, 387, 701; pol- 
len, 614, 701 

See also individual plant 
groups 

Fouquieria splendens, 492, 526 

Foxglove, 599, 716 

Fragilaria, 175 


Free energy, 15 

Free-nuclear stage, 395 

Fries, Elias Magnus, 224, 230, 
255 

Fritillaria, ovular development, 
612 

Fritschiella, 319 

Frog, 777 

Fronds, 366 

Frost injury, 663 

Frs, 555 

Fructosan, 569 

Fruit fly, 738, 773 

Fruiting body, 240, 256 

Fruits, 624 ff.; fleshy, 572; par- 
thenogenetic, 651; types, 625 

Fucinic acid, 193 l 

Fucoidin, 193 

Fucosan, 194 

Fucoxanthin, 186, 194 

Fucus, 192 20 ft 203 

Fundamental tissue, 446 

Fungi, 81, 222 ff.; economic im- 
portance, 277; evolutionary 
history, 783 f., fossils, 279; 
imperfect, 273 ff.; mycorhizal, 
272 f., 483 ff., relationships, 
27 AE. 

Fungi Imperfecti, 273 ff. 

Funiculus, 610 


Galactose, 209, 210 

Galapagos Islands, 771 

Galium, 497 

Gallionella, 107 

Gallium, 52 

Galls, 263, 665 f., 666 

Gametangium, 126 

Gamete, 68 

Gametophore, 296 

Gametophyte, 147 

Gamma radiation, 
Nicotiana, 663 

Garner, W. W., 596 

Gasteromycetes, 257 

Gel, 12 

Gelidium, 219 

Gemmae, 293 

Generative cell, 393 

Generative nucleus, 614, 618 

Genes, 41, 65; chemical nature, 
767; interaction, 737; mech- 
anism of action,. 732 f.; mul- 
tiple effect, 736 f.; mutation, 
65 f., 744 ff. 

Genesis, 772 

Genetic code of RNA, 759 


effect on 


‘Genetic control of characters, 


diagram, 765 

Genetic influence on mutation, 
745 

Genetic ratios, Mendelian, 727 
ff.; non-Mendelian, 733 ff. 

Genetic segregation, in corn, 
728, 735; in Sordaria, 740 

Genetics, 9, 725 ff.; molecular, 
Woe) iit 

Genome, 68 

Genotype, 727; governing phen- 
otype, 733 

Genotypic ratios, 729, 730 f. 

Genus, 78 

Geologic time, major divisions 
of, 87 

Geotropism, 468, 667 

Germ pores, 614 

Germination, 95, 634 f., 638 ff.; 
effect of Pfr., 654, 655; effect 
of red light, 656; inhibitors, 
636; by repetition, 257 

Giant Joshua, 459, 697, 836 

Giant sequoia, 381 

See also Sequoiadendron 

Gibberella fujikuroi, 652 

Gibberellin, 595, 642, 652 f. 

Gills, 266, 269 

Ginkgo, 78, 416f. 417 

Ginkgoales, 416 f. 

Ginkgophyton, 417, 419 

Girdle, in dinoflagellates, 169 

Glabrous, 431 

Gladiolus, corms, 463 

Gland, 431 

Gleason, H. A., 810 f. 

Gleba, 257, 272 

Gleditsia triacanthos, 460 

Glenodinium, 173 

Gloeocapsa, 130, 133 

Gloeocapsomorpha, 137 

Glossopteris, 387, 787 

Glucose, 16, 561; respiration of, 
576 ff. 

Glucose-6-phosphate, 
578 

Glycerol, 17; respiration of, 585 

Glycine, 18, 587; structure, 589 

Glycogen, 131 

Glycolate, 559; structure, 589 

Glycolysis, 576 ff. 

Glyoxylate cycle, 576, 586 

Glyoxysome, 40, 586, 587 ff. 

Gneticae, 384, 422 ff. 

Gnetum, 422 

Goebel, Karl von, 368 


structure, 


Golden algae, 182 ff. 

Goldenrod, 477, 618, 777; leaf, 
494 

Golgi, Camillo, 38 

Golgi bodies, 38, 62, 64, EM 
35, 39; function, 42 

Gondwanaland, 787 

Gonidium, 229 

See also Conidium 

Gonimoblast filaments, 212 

Gonolithon strictum, 219 

Gonorrhea, 276 

Gonyaulax, 170, 173 

Gonyostomum, 177 

Goodwin, DuWayne, 812 

Goodyear, 719 

Gooseberry, 262, 629 

Gossypium, 718 

Grafting, 465 

Grain, 626 

Gram, Hans C. J., 93 

Grama grass, 830 

Gramineae, 627, 694 f., 705 f 

See also Grasses 

Gram-negative bacteria, 275 

Gram-positive bacteria, 275 

Grana, 549, EM 543, EM 550 

Granite mosses, 301 f. 

Grape fern, 373 

Grapes, 235, 466, 709 

Grasses, 694 f., 818, 821 f.; ce- 
real crops, 705f.; embryo, 
633; germination, 639; in- 
florescence, 607; intercalary 
meristem, 432, 695; roots, 
469 

Grasslands, 818, 829 ff. 

Gravity, effect on growth, 667 f. 

Gray, Asa, 686, 699, 700, 789 

Gray, Samuel Frederick, 282 

Gray Card Index, 699 f. 

Gray drift, 797 

Grazing, effect on vegetation, 
805 f., 812; relation of inter- 
calary meristem, 695 

Greasewood, 511, 834 

Great Basin, 833 

Green algae, 139 ff.; cell wall, 
141 f£; chloroplasts, 143; 
classification, 148; definition, 
140; distribution, 140; eco- 
nomic importance, 159; evo- 
lutionary trends, 141; eye- 
spot, 144; flagella, 143 ff.; 
food reserves, 143; fossils, 
159; history, 140; morphology, 
140 ff.; nucleus, 143; pigmen- 


tation, 143; relationships, 159, 
782; reproduction, 146; sexual 
cycle, 146 ff., spores, 146; 
vacuole, 145 f.; zoospore, 146 

Greenbrier, 497 

Ground meristem, 443 

Ground pine, 325 

Growing season, 645 

Growth, 4 f., 643 ff.. abnormal, 
665 f.; atmospheric effect, 
664; cell differentiation, 644; 
characteristics, 643; chemical 
aspects, 643; developmental 
aspects, 644f.; essential ele- 
ments for, 52; environmental 
control of, 660, 645, 662 ff.; 
light effect on, 660 ff.; radi- 
ant energy effeet, 661, 663; 
secondary, 336, 449 ff.; tem- 
perature effect, 662 ff.; tricho- 
thallic, 195 

Growth inhibitors, 655 ff. 

Growth movements, 667 

Growth-regulating substances, 
644, 647 f. 

GTP, 21 

Guaiacum officinale, 719 

Guanine, 754; structural for- 
mula, 755 

Guanosine triphosphate, 21 

Guard cells, 282, 431, 498 fi., 
499, 520; mechanics of func- 
tion, 519 f. 

Guignard, Jean Louis Leon, 620 

Guilielma, inflorescence, 696 

Gullet, 164 

Gum, 829 

Guttation, 503, 511, 521 

Gymnodinium 169, 170, 173 

Gymnospermae, 81, 381 ff. 

Gymnosperms, 381 ff.; classifica- 
tion, 384; evolutionary his- 


tory, 786f. relationships, 

418 

See also Conifers; Cycado- 
phytes 


Gymnosporangium, 263 
Gynoecium, 602 f. 
Gyrodinium, 167, 173 


Habitat, adaptation to, 522 ff., 
799 

Haeckel, Ernst, 28 

Haemanthus katheriniae, in mi- 
totic studies, 55, EM 58, EM 
59, EM 60, EM 63, EM 64 
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Haematoxylon, 720 
Hairy-cap moss, 283, 297, 822 
See also Polytrichum 

Half-life, 86 

Hallucinogens, 714 f. 

Halophytes, 511 f. 

Halosphaera, 179 

Hamm, Ludwig, 69 

Haplocheilic stomates, 397 

Haploid, 68 f. 

Haptonema, 183 f. 

Haptophyceae, 184 

Hardpan, 438 

Hardwood (i.e., 
sperms), 719 

Harebell, 645, 647 

Hartig net, 484 

Harvey, W. H., 126, 193, 208 

Haustorium, 228, 487 f. 

Hawthorn, 459; polyploidy and 
apomixis, 749; twig, 460 

Hay fever, 618 

Head, 607 

Healing of wounds, 665 

Heartwood, 405, 454 

Heat, 663 

Heath family, 689; mycorhizae 
in, 484, 486 

Hedera helix, 642, 646, 668 

Hedwig, Johann, 282, 283 

Helianthus annuus, phototropic 
response, 669; head, 693 

See also Sunflower 

Helical cyme, 609 

Helminthostachys, 373 

Helotism, 127, 250 

Hematochrome, 140 

Hemiascomycetes, 243 

Hemicellulose, 30 

Hemicryptophytes, 819 f. 

Hemlock, 720, 826; poison, 
722; water, 482, 722; western, 
401, 805, 832 

Hemlock-hardwood forest, 825 
f. 

Hemp, Indian, 715, 716; Ma- 
nila, 718, 719 

Hepatica, flower, 687 

Hepaticae, 282, 288 ff. 

Hepler, Peter K., 57, 58, 61 

Herbaceous stems, compared 
with woody stems, 450 f.; di- 
cots, 446; of monocots, 456 ff. 

Heredity, 724 ff. 

Heredity and environment, rela- 
tive influence, 733 


wood of angio- 
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Heroin, 714 
Hertwig, Oskar, 70 
Hesperidium, 626 
Heterobasidiomycetes, 255 
Heterocyst, I31 
Heterogametes, 68 
Heterogamy, 68 
Heterogeneratae, 
cycle, 195 
Heterokontae, 178 
Heterosis, 74] 
Heterosporous, 323 
Heterothallic, 147 
Heterothallic basidiomycetes, 
256 
Heterothallism, in fungi, 237 
Heterotrophic, 98 
Heterozygosity, advantage of, 
742 
Heterozygous, 69, 727 
Hevea brasiliensis, 719 
Hexose, 16 
Hexose amines, 92 
Hickory, 826, 828 
High energy bond, 20, 574 
Hill, Robert, 558 
Hill reaction, 558 
Hillhousia, 108 
Hilum, 632 
Hofmeister, Wilhelm, 56, 358, 
361 
Holdfast, kelp, 202 
Holly, rooted cuttings, 651 
Holophytic, 98 
Holozoic, 98 
Homobasidiomycetes, 255, 257 
Homologous chromosomes, 69 
Homologous theory, 318 f. 
Homosporous, 323 
Homothallic, 147 
Homothallic basidiomycetes, 
256 
Homozygous, 69, 727 
Honey locust, 460 
Honeysuckle, 602 
Hooke, Robert, 26 
Hooker, Joseph Dalton, 680, 
681 
Hormogonia, [31 
Hormones, 444, 644, 652 f. 
See also Growth-regulating 
substance 
Horned liverworts, 284 ff. 
Horneophyton, 316 f. 
Horse chestnut leaf, 494 
Horsetail, 346 
See also Equisetum 


199 ff.; life 


Horseweed, 801, 803 

Host, 98 

Howe, Marshall Avery, '282 

Hummingbirds, as pollinators, 
617 

Humus, 438 

Huxley e HE77 

Hyaloplasm, 32 

Hybrid, 727 

Hybrid corn, 742 ff. 

Hybrid ratios, 727 ff. 

Hybrid segregation, 740 

Hybrid vigor, 741 f. 

Hybridization, role in evolution, 
TIAE 

Hydathode, 503 

Hydnum imbricatum, 270 

Hydrangea, 606 

Hydrarch succession, 797, 799, 
800 

Hydrocarbons in smog, 664 

Hydrodictyon, 139 

Hydrogen, 52; in photosynthesis, 
544 

Hydrogen acceptor, I5 

Hydrogen donor, I5, 544 

Hydrogen fluoride, 664 

Hydrogen peroxide, 587 

Hydrolysis, 17 

Hydrophilic colloids, 12 

Hydrophytes, 469, 521 f., 522 

Hydroponics, 10 

Hydrosere, 797, 799 f., 800 

Hydrotropism, 667, 670 

Hydrurus, 185, 186 

Hyenia, 354, 355 

Hyeniales, 354 

Hyeniopsida, 345 

Hymenium, 242, 266 

Hymenomycetes, 257 

Hypanthium, 60I, 605 

Hypha, 228 

Hypobasidium, 256 

Hypocotyl, 413, 633; function, 
639; in mangrove seedling, 
634 

Hypodermis, 43I 

Hypogaeous germination, 639 

Hypogynous, 601, 605 

Hyponasty, 670 

Hypotheca, 187 

Hypothesis, 3 


IAA, 648 f. 
Idioblast, 429, 430, 501 
Imbibition, I2 


Impatiens, 631; 
movements, 670 

Imperfect flower, 606 

Imperfect fungi, 244, 260, 273 
i 

Inbreeding, 739 f. 

Incomplete flower, 606 

Independent assortment, prin- 
ciple of, 729 

Indeterminate inflorescence, 
606; types of, 607 

Index Kewensis, 699 

Indian grass, 597, 830 

Indian hemp, 715, 716 

Indian paintbrush, pollinated by 
hummingbirds, 617 

Indian pipe, 484, 485 

Indigo, 720 

Indigofera, 720 

Indole-acetic acid, 465, 648 ff. 

Indusium, 368 

Industrial revolution, effect on 
atmosphere, 545 

Inferior ovary, 606 

Inflorescences, 595, 606 ff. 

Infraspecific groups, 775 

Initials, 443 

Initiation of flowers, 595 ff. 

Inner fissure in diatoms, 187 

Insect galls, 666 

Insectivorous plants, 7, 504 f., 
670 f. 

Insects, role in pollination, 616 


photonastic 


Integuments, 382, 610 

Intercalary menstem, 432; role 
in grazing, 695 

Intermediate-day plants, 597 

International Code of Botanical 
Nomenclature, 698 f. 

Internode, 321, 442 

Interphase, 61 

Intine, 392, 614 

Intussusception, 4 

Inulin, 569 f. 

Involucre, 288, 607 

Ion, 12 

Ipomoea batatas, 483, 708 

Iris, 595; leaf, 497 

Irish famine, 234 

Irish moss, 220 

Iron, 52, 53, 537 532E 
540 

Irregular corolla, 600 

Irritability, 4 

Isoetales, 337 

Isoetes, 325, 331, 337 ff. 


Tsoetites, 340 

Isoetopsida, 321, 325 

Isogametes, 68 

Isogeneratae, 198 f.; life cycle, 
195 

Isolation, role in evolution, 775 
f 

Ivy, Boston, 461; English, 642, 
646; 668; Kenilworth, 11; 
poison, 461, 486, 495, 722 


Iwanowski, Dmitri, 115 


Jack-in-the-pulpit, 695; leaf, 
496 

Jack pine, 413, 824 

Jackstraw Mountain, after fire, 
805 

Jansen, Zacharias, 25 

Jeffrey, Edward Charles, 358, 
447 

Jimson weed, 734 

Jimson weed-tomato graft, 466 

Joshua tree, 459, 697, 836 

Juncus leaf, 496 

June grass, 833 

Jungermanniales, 289, 290 f. 

Juniper, 834; cones, 408, 410; 
leaves, 645 f. rust, 263 

Juniperus, see Juniper 

Jurassic period, vegetation, 787 

mesteus. de, 126, 282, 679 

Juvenile foliage, 645 f. 


Kalanchoe, 655 
Karyogamy, 229 
Karyolymph, 40 
Katodinium, 173 
Kelp, 200 ff. 
Kerner, Anton, 796, 797 
Kew Index, 699 
Key, to divisions and classes, 

839 ff.; synoptical, 81 
Kidston, R., 318 
Kinetin, 658 
Kingdom, 78 
Kingdoms of organisms, 7 f. 
Klebs, Georg, 126, 171, 177 
Klebsiella pneumoniae, 107 
Koch, Robert, 105, 106 
Krebs, Hans Adolf, 580 
Krebs cycle, 580 

See also TCA cycle 

Kiitzing, Friedrich, 186 
Kylin, Harald, 193, 208 


Labiatae, 691 
Lacquer, 722 


Lactic acid, 592 

Lactic acid bacteria, 105, 592 

Lactobacillus, 105 

Lactones, 655 

Lamarck, Jean Baptiste de, 770 

Laminaria, 200 ff., 201 

Laminarin, 194 

Land plants, 282, 784 

Lang, W. H., 318 

Larix, 408, 824 

Larrea tridentata, 524, 526, 
835 

Late blight of potatoes, 234 f. 

Lateral conduction of food, 569 

Lateral meristem, 336, 432 

Laterite, 439 

Latex, 436 f. 

Laticiter 45000437 

Latin names, 78 

Law, scientific, 3 

Lawn, as plant 
Po 

Layering, 464 

Leaf gap, 358, 359, 364, 400 f., 
446 

Leaf mosaics, 669 

Leaf primordium, 327, 444 

Leaf sheath, 490 

Leaf trace, 311, 359, 446 

Leaves, 427, 490 ff; anatomy, 
498 ff.; in angiosperms, 427, 
490 ff.; arrangement, 490 f.; 
autumnal coloration, 506 f.; 
climbing, 504; compound, 
366, 494 f.; in conifers, 407 
f; in cycads, 391 f.; diagram, 
490; duration, 408, 491 f.; 
efficiency in photosynthesis, 
566; epidermis, 498 ff.; in 
ferns, 366 f.; form, 495, 497; 
insect-catching, 7, 504 f.; ju- 
venile, 645 ff; in  lycopods, 
321 f.; mesophyll, 501 f., ori- 
gin, 361, 362; primordia, 
327, 444: protective, 505 f. 
reproductive, 504; shape, 495, 
497; sheath, 490; simple, 494; 
slecp movements, 670; spe- 
cialized, 503 ff.; storage, 504; 
telome theory of origin, 362; 
transpiration, 516 ff., types, 
494; vascular system, 502 f.; 
venation, 495 

Lebachia, 414 

Leeuwenhoek, Anton van, 25 f., 
89 

Legumes, 625, 626, 627; as ni- 


community, 
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trogen-fixers, 101; seed longe- 
vity, 637 

Leguminosae, 689 f. 

see also Legumes 

Lenticel, 443, 456 

Lepidocarpon, 337 

Lepidodendrales, 325, 335 ff. 

Lepidodendron, 336 f., 337; re- 
construction, 786; stumps, 
338 

Lepidophlois, 337 

Lepidophyta, 321 

Lepiota americana, 222 

Leptospira, 110 

Leptosporangiate, 323 

Leptosporangiate ferns, 368 ff. 

Lethal genes, 734 

Lettuce, photoperiodic response, 
597 

Leucoplast, 34 

Leucosin, 176 

Léveillé, Joseph Henri, 240, 255 

Lianas, 460 

Lichens, 250 f., 821 

Life, characteristics of, 3 ff.; ori- 
PBT 279 

Life forms, ecological, 819 

Light, absorption, 544, 565 f. 
action spectrum, 566; blue, 
672; effect on auxins, 650; ef- 
fect on chlorophyll ratio, 547; 
effect on germination, 635; 
effect on growth, 660 ff., 668 
f.; far red, 653, intensity, 
547, 565f.; optimum inten- 
sity, 547, 566; penetration of 
water, 210; in photosynthesis, 
DOs TE 04 te red T093 

Light reactions, 552 ff. 

Lignin, 31 

Lignosuberin, 475 

Lignum Vitae, 719 

Ligule, 321 f., 409, 490 

Lilac, grafted, 466; type of in- 
florescence, 607 

Liliaceae G3 26968, (21, 722 

Lily, anther section, 613; bud, 
cross section, 603; leaf, 497; 
sego, /22 

Lily family, 613, 696 f., 721, 722 

Lima bean, stem, 460 

Lime, in soil fertility, 534 

Limiting factor, 565 

Linanthus parryae, 819 

Line transect, 812 

Linkage, 729, 738 f. 

Linnaeus, Carl, 80, 223, 679 
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Linum usitatissimum, 718 f. 

Lip cells 377 

Lipase, 20 ` 

Lipid, 18 

Liriodendron, 425, 489, 645, 
826; leaf, 495; stipules, 497 f.; 
wood, 454; wood fibers, 434 

Lithothamnion, 219 

Litmus, 252 

Live-oak-magnolia 
811 

Liverworts, 280, 288 ff.; horned, 
284 ff. 

Loam, 438 

Loblolly pine, 826, 827 

Loco weed, 690, 722 

Loculicidal dehiscence, 626 

Loculoascomycetes, 243 

Locust, leaf, 494; flowers, 690 

Lodgepole pine, 413, 801, 804, 
832 

Lodoicea maldivica, seed; 633 

Logwood, 720 

Long-day plants, 596f.; effect 
of Pfr, 654 

Longevity, of seeds, 637f.; of 
trees, 405 

Lonicera canadensis, 602 

Loose smut of wheat, 265 

Lophocolea, 289 

Lorica, 142 

Lotus, longevity of seed, 637 

Lousewort, 822 

Lumber, 418; sectional cuts, 
453, 454f. 

Lumen, 28, 402, 433 

Luminescence, 170 

Lupinus, longevity of seed, 637 

Luria, Salvatore E., 115 f., 116 

Lutein, 548 

Luther, Alexander F., 178 

Lycogala, 226 

Lycoperdaceae, 27] f. 

Lycoperdon prolatum, 273 

Lycopodiales, 325 ff. 

Lycopodiophyta, 320 ff. 

Lycopodiopsida, 321 f., 325 

Lycopodites, 329 

Lycopodium, 325 fŒ., 326, 341, 
342 f.  gametophytes, 328; 
L. annotinum, 322; L. lucidu- 
lum, 320; life cycle, 329 

Lycopodium powder, 342 

Lycopods, 321 ff.; characteris- 
tics, 321 f.; classification, 324 
f; economic importance, 341; 
eligulate, 321; fossil forms, 


community, 


325; fossil “seeds,” 335y ligu- 


late 521 
Lycopsida, 321, 360 
Lyell, Charles, 770 
Lyginopteridales, 385 f. 

See also Seed ferns 
Lyginopteris, 387 
Lygodium, 366 
Lysichiton kamtschatkensis, 573 
Lysigenous resin ducts, 446 
Lysine synthesis, 166 
Lysosome, 40, 42 


Mace, 712 

McIntosh, J. R., 57, 58, 61 

Mackintosh 719 

Macrocystis, 201, 202 

Macrometabolic elements, 52 

Madroño, 836 

Magnesium, 52, 53, 537, 538, 
D4 

Magnolia, 685, 721, 826 

Magnoliaceae, 686 

Magnoliophyta, 360, 426 ff. 

Mahogany, 719 

Maidenhair tree, 78, 416 f. 

Maize, 561, 707 f.; adventitious 
roots, 486; photosynthetic ef- 
ficiency, 567 

See also Corn 

Malaria, 717 

Male fern, 367, 379 

Malpighi, Marcello, 27 

Maltase, 20 

Malthus, 771 

Maltose, 17 

Malva neglecta, phototropic re- 
sponse, 669 

Manganese, 52, 54, 537, 538, 
539, 540, 542 

Mangrove, 477, 486, 487; seed- 
lings, 634 

Manihot, 708, 709 

Manila hemp, 718, 719 

Manilkara zapota, 713, 714 

Mannitol, 194 

Manzanita, 836 

Maple, 78, 721, (samara) 627; 
Norway, 794; silver, 637, 
794; sugar (leaf) 495, (tree) 
450, (twig) 443 

Maple-basswood forest, 797, 826 

Marchantia, 292 ff. 

Marchantiales, 289 

Marchantiopsida, 282, 288 ff. 

Mangold, 749; hybrid vigor in 
741 


? 


‘Marl, 132, 16] 


Marsh, 828 

Marsh gas, 14 

Marsilea, 377, 378 

Marsileales, 377 

Masticatories, 713 

Mastigonemes, 144 

Matthaei, Heinrich, 758 

Matzke, Edwin B., 428 

Measurement, units of, 12 

Medicine, 716 f. 

Mediterranean climate, 836 

Medulla, 201 

Medullary rays, 401, 446 

Megagametophyte, 324 

Megaphyll, 311, 358 

Megasporangium, 324 

Megaspore, 324; of angiosperms, 
610; of Pinus, 411 

Megasporophyll, 324; of cycads, 
393 

Meiocyte, 72 

Meiosis, 70 fŒ., 615 

Meiospore, 229 

Melilotus alba, 655 

Mendel, Gregor, 725 ff. 

Mendelian characters, 731 

Mendelian factors, 726 ff. 

Mendelism, 725 ff. 

Merismopoedia, 133, 136 

Meristem, 195, 4327 447 ape 
cal, 321, 325, 363; in coni- 
fers, 400; intercalary, 432, 
(in grasses) 695; lateral, 432; 
primary thickening, 457, 459 

See also Cambium; Phello- 
gen 

Mermaid’s wineglass, 157, 159 

Mesarch stele, 364, 474 

Mesocarp, 625 

Mesokaryota, 168 

Mesophyll, 367, 501 ff. 

Mesophyte, 521 

Mesozoic era, vegetation, 786 ff. 

Mesquite, 836 

Messenger RNA, 758 ff; dia- 
gram of function, 760 

Metabolic by-products, disposal 
of, 658 

Metabolic wastes, 454, 658 

Metabolism, 4, 42 f.; essential 
elements for, 52 

Metallo-porphyrin, 36 

Metaphase, 58, 61 

Metaphloem, 449 

Metasequoia, 414 f.; fossil, 415 

Metaxylem, 307, 364, 448 


Meter, 12 

Methane, 14 

Methyl alcohol, 592 

Metzgeriales, 289 

Meyen, Franz, 472 

Meyerhof, Otto, 576 

Miadesmia, 335, 419 

Micelle, 30, EM 472 

Microbody, 40 

Microcladia coulteri, 211 

Micrococcus denitrificans, 561; 
RuDP cycle in, 561 

Microcycas, 395 

Microgametophyte, 324 

Micrographia, 26, 27 

Micron, 12 

Microphylls, 311; origin of, 360 

Micropyle, 382, 610 

Microscopy, 25 f. 

Microsporangium, 324 

Microspores, 324 

Microsporophyll, 324; of Cay- 
tonia, 388 

Microtubules, 40, EM 58, EM 
59, EM 60, EM 63; func- 
tion of, 42 

Middle lamella, 30f., EM 33; 
62 

Miescher, Frederick, 754 

Mildews, downy, 235; powdery, 
244 f. 

Milkweed, fruits, 624 

Millet, root hairs, 473 

Millimeter, 12 

Millimicron, 12 

Mimosa pudica, 671, 672 

Mineral nutrition, 52 ff., 529 ff. 

Minerals, 52 ff., 529 ff., absorp- 
tion, 531 ff.; availability of, 
530, 534; deficiency diseases, 
537 ff.; functions, 53f., 537 
ff.; mechanisms of absorption, 
532; occurrence, 530 f.; trans- 
portation, 536 f. 

Ming trees, 645 

Mistletoe, 488, 629 

Mitella, raceme, 608 

Miterwort, raceme, 608 

Mitochondria, EM 35, 37, EM 
38, EM 39, EM 550; role in 
respiration, 579 ff. 

Mitosis, 55 ff., in euglenoids, 
164 f. 

Mitospore, 229 

Mixed-grass prairie, 831 

Mixed mesophytic forest, 826 

Mnium affine, archegonium, 300 


Moccasin-flower, 698 

Modifying genes, 737 

Mohl, Hugo von, 27 

Molds, blue, 273 f.; bread, 237 
Eepotcen)2754., water, 232 fi. 

Molecular biology, 10 

Molecular genetics, 753 ff. 

Molybdenum, 52, 54, 535, 541 

Monadoxanthin, 172 

Monarch stele, 366 

Moniliform, 168, 726 

Monkey puzzle, 399 

Monkey trial, 772 

Monocarpic, 427 

Monochasium, 608, 609 

Monoclimax theory, 810 f. 

Monocolpate, 614 

Monocots, 692 ff., compared 
with dicots, 675; leaves, 496 
f., relationships, 683 

Monocotyledons, 426, 633 

See also Monocots 

Monoecious, 392, 408, 606 

Monohybnid, 728 

Monokaryotic, 254 

Monoptilon bellidiforme, 524 

Monosaccharide, 16 

Monotropa, 484; dependence on 
mycorhizae, 485, 486, 689 

Moraceae, 687 

Morchella, 248, 249 

Morels, 248, 249 

Morgan, Thomas Hunt, 738 

Morning glory, 599 

Morphine, 714 

Morphogenesis, 646 f. 

Morphology, 9 

Morus, 628 

Mosaie diseases, 123 

Moss, hairy-cap, 298, 822; peat, 
320 ff., 822 

Moss mat, 798 

Mosses, 296 ff., 821; classifica- 
tion, 296 ff.; granite, 301 f.; 
life cycle, 297 ff., 298 

Moth mullein, seed longevity, 
638 

Moths as pollinators, 616 f. 

Movement in angiosperms, 666 
ff. 

Mucoralcs, 236 ff. 

Mudflow, 806 f., 808 

Mullein, 431, 498, 638 

Multiple alleles, 735 

Multiple effects of a -gene, 
736 f. 

Multiple factors, 735 f. 
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Multiple fruits, 625, 628 f. 

Multiple genes, 735 f. 

Musa paradisaica, 709; M. tex- 
tilis, 718, 719 

Musci, 282 

See also Mosses 

Mushrooms, 266 ff., 484 

Muskeg, 824 

Mustard gas, as a mutagenic 
agent, 745 

Mutagenic agents, 744 f. 

Mutations, 65 f., 744 ff.; chemi- 
cal nature, 767 f. 

Mycelium, 228 

Mycetozoa, 224 

Mycobacteriaceae, 110 

Mycobacterium, 110 

Mycology, 10 

Mycoplasmatales, 122 

Mycorhizae, 272 ff., 483; in 
Ericaceae, 689; fossil, 273; on 
Indian pipe, 485; in Orchida- 
ceae, 698; role in mineral ab- 
sorption, 485, 535 f. 

Myriophyllum, 522 

Myristica fragrans, 711 

Myxamoebae, 225 

Myxobacteria, 110 

Myxobacteriales, 110, 111 

Myxomycetes, 223 ff.; distribu- 
tion, 224; economic impor- 
tance, 227 f.; fruiting bodies, 
226; history, 224 f.; life cycle, 
225; taxonomy, 226 

Myxomycotina, 223 ff. 

Myxophyceae, 126 

Myxoxanthine, 129 

Myxoxanthophyll, 129 


n, in chromosome numbers, 747 

NAD, in bacterial photosyn- 
thesis, 562; in respiration, 
574 ff.; structure, 574 

NADP, in photosynthesis, 557; 
in respiration, 574 ff. 

Naegeli, Karl W. von, 89, 126 

Naiadita, 304 

Names, common, 79; Latin, 78; 
scientific, 78 

Nanometer, 12 

Narcotics, 714 f. 

Nastic movements, 670 f. 

Natural selection, 770 ff. 

Naval stores, 418 

Navashin, Sergei G., 620 

Neck canal cells, 284 

Nectary, 606 
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Nelumbo nucifera, 522, 637 

Nemalion, 214 ff.; life cycle, 
215 

Neo-Darwinism, 774 

Nerium oleander, stomates, 518 

Net venation, 496 

Neuroloma, 302 

Neuromotor apparatus, 144 

Neuropteris, 386 

Neurospora, 246 f.; 732 

Neutral flowers, 606 

Newport, Alfred, 69 

Nicotiana, 714; radiation dam- 
age, 663; tumors, 665 

Nicotinamide-adenine dinucleo- 
tide, see NAD 

Nicotinamide-adenine dinucleo- 
tide phosphate, see NADP 

Nirenberg, Marshall, 758, 759 

Nitella, 161 

Nitrification, 100 

Nitrobacter, 100, 104 

Nitrogen, in nutrition, 52, 537 
fea 

Nitrogen cycle, 99 ff. 

Nitrogen fixation, 101, 132 

Nitrosomonas, 100, 104 

Noctiluca, 170 

Node 21s 442 

Nodules, 101, 102 

Nomenclature, 679, 698 ff. 


Non-cyclic electron transport, 
2 

Non-cyclic photophosphoryla- 
tion, 557 


Norfolk Island pine, 399 

North America, vegetation, 820 
ff; map, 821 

Nostoc, EM 128, 135, 136; 
in anthocerotes, 285 

Nucellus, 382, 610 

Nuclear division, 55 ff. 

Nuclear membrane, EM 35; 40 

Nuclear sap, 40 

Nucleic acids, 41 

See also DNA; RNA 

Nucleolar organizer, 41 

Nucleolus, 40, 42, 57 

Nucleoproteins, 41 

Nucleus, 29, EM 35, 40, 42; 
bacterial, 93, EM 96 

Nut, 625, 626 

Nutation, 460, 667 

Nutmeg, 711, 712 

Nymphaea, 522 

Nyssa, 829 


Oak, 719, 721, 814, 818, 826f., 
(leaf) 495; cork, 456, 457 

Oak-chestnut forest, 826 

Oak-hickory forest, 797, 826, 
827 

Oak moss, 252 

Oak savanna, 818 

Occam’s Razor, 781 

Ocotillo, 492, 526 

Oedogonium, 142, 155 

Oenothera, genetic segregates, 
773; haploid, 747; photo- 
nastic movement, 670 

Offset, 462 

Oidia, 256, 268 

Oils, 18 

Old-field succession, 801, 802, 
803 

Old-man’s-beard 
253 

Oleander, eork, 436; leaf, 518 

Oligotrophic, 800 

Onion, 470, 697; root, section, 
475 

Ontogeny, 368, 775 

Oögamy, 147 

Odgonium, 147 

Oomycetes, 230 f. 

Odspore, 233 

Open bundles, 458 

Operculum, 24729 

Opercular cell, 370 

Ophioglossales, 373 ff. 

Ophioglossum, 373 f., 374 

Opium, 714 

Opuntia, 525 

Oranges, 708 f. 

Orchidaceae, 697 f. 

Order, 78 

Organ, 194, 428 

Organic acid, 14 

Organic chemistry, 13 

Organic evolution, theory of, 3 

See also Darwin; Evolution 

Organismic biology, 10 

Organs, origin of, 775 

Ornamentals, 721 

Orobanche, 76 

Orontium, metaphase plate, 61 

Orthic tetrakaidecahedron, 428 

Orthogenesis, 773, 774 

Orthotropous ovule, 610 

Oryza sativa, 706 f. 

Oscillatoria, 125, 130, 134, 135 

Osmosis, 43 ff. 

Osmotic apparatus, 44, 45 

Osmotic potential, 45, 510, 512 


lichens, 252, 


Osmotic pressure, 45 

Ostiole 20 2472 

Outbreeding, 741 

Outer fissure, in diatoms, 187 

Ovary, 383, 603; diagram, 617 

Overgrazing, 805 ff., 812 

Ovule, 358, 382, 602; anatro- 
pous, 610; in Caytonia, 388; 
in conifers, 410 f.; in cycads, 
393; development, 610 ff., 
611; orthotropous, 610 

Ovuliferous scale, 409 

Oxalacetate, 561 

Oxalis, 670, 671 

Oxidation, 15 

Oxydendrum, 646 

Oxygen, 52; in atmosphere, 545; 
destructive to cell, 588 f.; fac- 
tor in plant growth, 522, 664; 
lacking in saturated soil, 469, 
522; from photosynthesis, 
545; role in germination, 635 

Oxytropis, 690, 722 


P 700, 551 

Paleobotany, 9 

Paleotaxus, 415 

Paleozoic era, vegetation, 785 f., 
786 

Palisade tissue, 367, 501 

Palmae, 695 f. 

Palmately compound, 366 

Palmella, 148 

Palmoxylon, 701 

Palms, 459, 696, 710, 721 

Palouse region, 703, 831 

Palynology, 9 

Pandanus, 467 

Panicle, 607 

Panicum miliaceum, root hairs, 
473 

Papaver somniferum, 714 

Paper birch, 824 

Papyrus, 522 

Parallel venation, 496 

Paramo vegetation, 823 

Paramylon, 164 

Paraphyses, in Ascomycetes, 
242; in Basidiomycetes, 256; 
in brown algae, 204 

Parasexual processes, 96, 97 

Parasite, 98 

Paratonic 
667 

Parenchyma, 194 f., 428 f., 501 

Parnas, Jacob Karol, 576 

Parthenocissus, 461 


growth movements, 


Parthenogenesis, 196 

Pascher, Adolf, 126, 127, 166, 
16717, 176 

Passage cells, 476 

Pasteur, Louis, 5, 90, 105 

Pathology, 9 

Patouillard, Narcisse, 255 

p/e ratio, 817 f. 

Peaches, 708 

Peas, in genetic studies, 725 f.; 
germination, 639; hybrid 
vigor, 741 f. 

Peat, 302 

Peat moss, see Sphagnum 

Pectic substances, 30 

Pedicels, 607 

Pedicularis, 822 

Pelargonium, gibberellin treated, 
653 

Pellicle, 164 

Penicillin, 275 f. 

Penicillium, 273 f., 276; conidio- 
phores, 275 

Penstemon, flowers, 692 

Pentarch stele, 366 

Pentosans, 30 

Pentose, 16 

Pentose phosphate cycle, 576, 
589 ff. 

Peony, 721 

Pepo, 626, 629 

Pepper, 710, 711 

Perennial, 427 

Perfect flower, 606 

Perfect stage, in fungi, 229 

Perianth, 601; in liverworts, 291 

Pericarp, 625 

Bemevele 9225, 449, 475 

Periderm, 455 

Peridinium, 170, 171, 173 

Peridium, of gasteromycetes, 
257; of puffballs, 272; of 
slime molds, 226 

Perigynous, 601, 605 

Periplasm, 233 

Periplast, 164 

Perisperm, 632, 633 

Peristome, 301 

Perithecium, 242 

Permafrost, 820 

Permanent wilting percentage, 
510 

Permeability of membranes, 43 
ff. 

Permian period, vegetation, 786 
F. 


Peronosporales, 234 ff. 

Peroxisomes, 40, 42, 
EM 588 

Petals, 600 f. 

Petiole, 358, 490 

Petrified tree, 788 

Petrified wood, sections, 788 

Petunia, mutation, 724 

Peziza, 247, 248 

Pezizales, 247 ff. 

Pfeffer, Wilhelm, 486 

Pfr, 654 

See also Phytochrome 

EGA oot. 

PH, 5209535 of: 

Phaeophyta, 192 ff. 

See also Brown algae 

Phaeoplax, 172, 174 

Phages, EM 88, 119, EM 120, 
PATT PE 

Phalaris, 649 

Phanerogams, 358 

Phanerophyte, 819 f. 

Phaseolus, 460 

Phellem, 455 

Phelloderm, 406, 455 

Phellogen, 406 f., 432, 436, 455 

Phenolic acid, 54 

Phenolic compounds, 656 

Phenotype, 727 

Phenotypic ratios, 730 f. 

Phenyl propane, structure, 31 

Phloem, 307, 434 f.; in conifers, 
405 ff.; in ferns, 364; internal, 
448; pressure of solutes in, 
568; role in translocation, 
568; of roots, 474 f.; of stems, 
toute to> f. 

Phoenix dactylifera, 709, 710 

Phormidium, 134 

Phosphate-deoxyribose 
756 f. 

Phosphates, as pollutants, 807, 
809 

Phosphoglyceric acid, 559 

Phospholipids, 18 

Phosphorescence, 167, 170 

Phosphorus, 52, 53, 537, 538, 
339541 

Phosphorylation of glucose, 576 

Photoinductive cycle, 598 

Photon, 22 

Photonasty, 670 

Photo-oxidation, see Photores- 
piration 

Photoperiod, effect on flowering, 


587 ff., 


chain, 
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596 ff; effect on leaf fall, 
489, 492; effect on vegeta- 
tive growth, 660, 661 

Photophosphorylation, 555, 557 

Photorespiration, 587 

Photosynthesis, 48, 552 ff., bac- 
terial, 108 f., 544, 562 f.; Cal- 
vin Cycle, 5 50) 959 ff.) dark 
reactions, 552, 558 ff.; dia- 
gram, 553; efficiency, 566 f.; 
environmental factors, 523 f., 
563 ff.; hydrogen source, 557; 
quantum requirements, 563; 
relative rates, 564; RuDP 
cycle, 559 ff; splitting of 
water, 556f.; in succulents, 
523 f; System I, 553 ff., Sys- 
tem lL ese ote, 

Phototaxis, 669 f. 

Phototropism, 667, 668 f.; role 
of auxin in, 648 f. 

Phragmoplast, 62 

Phycobilin, 37, 129, 172; eff- 
ciency, 548 

Phycocyanin, 129, 172, 214 

Phycodrys rubens, 211 


Phycoerythin, 129, 172, 210, 
214 

Phycology, 10 

Phycomycetes, 230 ff., 277 €., 
783 £. 


Phyllidia, 283 
Phylloglossum, 325 
Phyllotaxy, 491 
Phylloxera, 466 
Phylogeny, 775, 779 ff. 
Phylum, 78 
Physarum, 224 
Physcia, 252 
Physiological drought, 516 f. 
Physiology, 9 
Phytochrome, 598, 653 f., 672; 
structure, 654 
Phytophthora, 234 f., 235 
Picea engelmanni, 831; P. 
glauca, 824; P. mariana, 824; 
P. rubens, 825; P. sitchensis 
832 
Pickleweed, 511, 512 
Pigments, 21 f. 
See also Anthocyanin; 
Carotene, etc. 
Pigweed, 670 
Pileus, 266 
Pinales, 399 ff. 
See also Conifers 


? 
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Pine, blister rust, 262, 263; 
cone, 409, 410; life cycle dia- 
gram, 414; needles, 409; 
ovule, 410; pollen, 411, 412; 
resin duct, 404; wood 402 

See also Bristlecone pine; 
Jack pine; White pine, 
etc. 

Pine barrens, 645, 646 

Pine nuts, 413 

Pineapple, 628 

Pinedrops, 486 

Pinieae 384 397P. 

See also Coniferophytes 

Pink bread mold, 246 

Pinnae, 366 

Pinnately compound, 366 

Pinnules, 366 

Pinophyta, 360, 381 ff; defined, 
382 

See also Gymnosperms 

Pinus, 399, 409, (life cycle) 414, 
(wood) 402; Pinus banksiana, 
413, 824; P. caribaea, 418; P. 
contorta, 413, 804, 832; P. 
coulteri, 513; P. edulis, 413; 
P. flexilis, 792; P. lamberti- 
ana, 833; P. laricio (mega- 
spores) 411, (needles) 408, 
(pollen) 412; P. longaeva, 
405; P. monticola, 832; P. 
palustris, 418; P. resinosa, 
(cone) 409; P. rigida, 400, 
645, 646, 826; P. strobus, 
$25, (blister rust of) 202, 
(needles, cross section) 409; 
P. taeda, 418, 826, 827 

See also Pine 

Piper betle, 714; P. nigrum, 710 

Pistil, 603, 616 

Pistillate flower, 606 

Pitch pine, 400, 645, 646, 826 

Pitcher plant, 504 f., 505 

Pit-connections, 209 

Pith, 310, 446; in roots, 474 

Pith rays, 401, 446 

Pits n xylem cell, 307, 433 

Pitted tracheids, 364, 433 

Placenta, G03 F. 

Placental cell, 216 

Placentation, 603 ff.; types of, 
604 

Plankton, 133, 179, 186, 189 
feo? 

Plant breeding, 750 f. 

Plant communities, 792 ff.; clas- 
sification, 809 ff.; individual- 


istic concept, 810; sampling 
methods, 811 f. 

Plant diseases, control of, 277 

Plant geography, 9, 816 ff. 

Plant succession, 796 ff. 

Plants, nature of, 6 

Plasma membrane, 33 f. 

Plasmalemma, 33 

Plasmodesmata, EM 33, 308 

Plasmodiophora, 227, 228 

Plasmodiophorales, 227 

Plasmodium, 223f., 224, 225, 
226 

Plasmogamy, 229 

Plasmolysis, 46, 47 

Plasmopara viticola, 235 

Plastids, 34 

Plastocyanin, 555 

Plastoquinone, 555 

Platanus, 495 

Plectenchyma, 429 

Plectomycetes, 243 

Pleistocene, 789 

Pleurocapsa, 134 

Pleurococcus, 152, 296 

Pleuromeia, 340f., 341 

Plumule, 396, 413, 632 

Plus and minus strains in fungi, 
237 

Pneumococcus, 105 

Poa, 721, 794 f., 822; roots, 479 

Pocosins, 829 

Podocarpus, 415 

Podzol, 439 

Poinsettia, 504, 596, 69] 

Poison hemlock, 691, 722 

Poison ivy, 461, 486, 722; leaves 
495 

Poisonous plants, 266 ff., 721 f. 

Polar nuclei, 613 

Polemonium, 822 

Pollen, of angiosperms, 613 f.; 
of conifers, 411, 412; of 
cycads, 392 

Pollen chamber, 393 

Pollen grain, 382, 393, 614, 
617; fossil, 614, 701 

Pollen mother cell, 613 

Pollen sac, 382, 601 

Pollen tube, 383, 395, 617, 618 

Pollination, 614f.; in gymno- 
sperms, 394f., 412 

Pollination drop, 394 f., 412 

Pollution, 807 ff., 664 

Pollution injury, 664 

Polyarch stele, 366 

Polyclimax theory, 811 


Polycystis, 133 

Polyembryony, 413, 622 

Polygonum, leaf, 494 

Polymers, 17 

Polynomials, in taxonomy, 679 

Polypeptides, 19 

Polypetalous flowers, 600 

Polyploidy, 746 ff., 779; effect 
on evolution, 750, 780 

Polypodiaceae, 376 f. 

Polypodiales, 375 

Polypodiophyta, 357 ff. 
See also Ferns 
Polypodiopsida, 358 
Polyporaceae, 270 
Polyporus squamosus, 271 
Polysaccharase, 20 
Polysaccharide, 17 
Polysiphonia, 211, 216 ff. 
Polystichum munitum, 359 
Polytrichum, 283, 297, 298, 
300, 822, 824; capsule, 301 

Pome, 625, 626 

Poplars 480721971 

Poppy, opium, 714 

Population genetics, 773 f. 

Populus, 721; P. alba, 486; P. 
balsamifera, 824; P. tremu- 
loides, 824, 832 

Porella, 290 f. 

Porphyra, 213 f., 220 

Porphyrin, 36 

Position effect, of genes, 738 

Postclimax, 81] 

Potassium, 52, 53, 537538 
Herel, Sarl 

Potato, 462, 662, 663, 708 

See also Sweet potato 

Potato blight, 234 f. 
Powdery mildews, 244 f. 
Pox virus, 123 

See also Vaccinia 


Pr, 654 
See also Phytochrome 
Prairie, $29 \ 


Prairie peninsula, 829 

Prasinophyceae, 179 

Precipitation-evaporation ratio, 
oli 

Preclimax, 811 

Prickles, 460 

Priestley, 719 

Primary root system, 468, 469 

Primary tissues, 336, 432, 473 

Primitive characters, in angio- 
sperms, 684 f. 

Primrose, 722, 749 


Primula kewensis, 749 f., 750; 
P. obconica, 722; P. sinensis, 
739 

Pringsheim, Nathanael, 69 

Probasidium, 256 

Procambium, 402, 475 

Procarp, 210 

Progymnosperms, 375, 379 

Prokaryotes, 8 f.; characters, 89 

Promycelium, 262 

Pronuba, 616 

Prop roots, 467, 477, 486, 487 

Propagation, 464 f., by root cut- 
tings, 486 

Prophase, 57 ff, EM 58, EM 
59, EM 60 

Propionic acid, 14 

Proplastids, 35 

Prorocentrales, 169 

Prorocentrum, 169 

Prosopis glandulosa, 836 

Prosthetic group, 19 

Proteinoplasts, 42 

Proteins, 16, 18; chlorophyll- 
bound, 546; formation of, 
757 ff., percentage in foods, 
572; RNA code for, 759; stor- 
age, 50 f.; stored in seeds, 572 

Prothallial cell, 333 

Prothallus, 369 f. 

Protococcus, 153 

Protoderm, 443 

Protonema, 296 

Protophloem, 449 

Protopityales, 375 

Protoplasm, 4, 27 

Protoplasm doctrine, 28 

Protoplast, 28 

Protoporphyrin IX, 764; struc- 
ture, 766 

Protopteridales, 372 f. 

Protopteridiurn, 372 f., 379 

Protostele, 310, 364, 474 

Protoxylem, 307, 364, 448 

Protozoa, 8 f., 126, 166 

Provascular tissue, 443 

Prunus, 605, 708 

Pseudolarix, 408 

Pseudoparaphyses, 243 

Pseudopodia, 185 

Pseudotsuga, 409; P. menziesit, 
418, 804 f., 832 

Psilophytales, 315 

Psilophyton, 314 

Psilotaceae, 308 

Psilotales, 308 

Psilotophyta, 308 ff. 


Psilotopsida, 308 

Psilotum, 306, 308 ff., 309; life 
cycle, 313 

Pteridium, 364, 376 f., 379 

Pteridology, 10 

Pteridophyta, 81, 358, 360 

Pteridosperms, 385 ff. 

Pteris, 358 

Pterophyta, 360 

Pteropsida, 358, 360 

Pterospora, 486 

Pubescence, 431 

Puccinia graminis, 258, 260 ff. 

Puffball, 271 f., 273 

Pulvinus, 671 

Pure line, 739 

Purines, 757 

Purkinje, Johannes, 27 

Pycniospore, 256, 258 

Pycnium, 258 f. 

Pyrenoid, 143, 331; in Antho- 
cerotopsida, 285 f.; function, 
55] 

Pyrenomycetes, 243 

Pyrimidines, 757 

Pyrodinium bahamiense, 167 

Pyrrole, 36 

Pyrrophyta, 168 ff. 

Pyrus malus, 501, 708 

Pyruvate, 576; structure, 578 

Pythium, 234 


Quadrat, 811 f. 

Ouanta, 22 

Quantasomes, 551 f. 

Quantum requirements, in pho- 
tosynthesis, 563 

Quebracho, 720 

Quercus, 721, 826; Q. alba, leaf, 
495; Q. suber, 456, 457; Q. 
velutina, 721 

See also Oak 

Quillwort, 337 ff. 

Quinidine, 717 

Quinine, 717 

Quinone, 555 


Rabenhorst, Gottlob L., 140 

Raceme, 606, 607, 608 

Rachis, 366 

Radiant energy, 21 f.; spectrum, 
22; proportion absorbed, 565 
f.; in plant growth, 660 

Radiation, effect on Nicotiana, 
663 

Radicle, 396, 413, 633; function, 
639 
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Radish, root hairs, 473 
Raffinose, 570 
Ragweed, 618 
Rain forest, 837 
Rana pipiens, 777 | 
Ranunculaceae, 686 f. 
Ranunculus, 822; root section, 
474; stem section, 447 
Raphe, of diatoms, 187; of 
seeds, 632 
Raspberries, 486, 628 
Ray, John, 675 
Reaction center, 554 
Receptacle, in brown algae, 202; 
of flowers, 600, 601 
Receptive hyphae, 258 
Recessive characters, 726 
Recessive defects, 739 f. 
Red algae, 207 ff.; economic im- 
portance, 219f.; in evolu- 
tionary history, 781; life 
cycle, 210; relationships, 220 
f., 781 
Red drift, 797 
Red pepper, 710 
Red rust, 260 
Red spruce, 825 
Red tides, 170 f. 
Redox potential, 555 
Reduction, 15 
Reduction division, 70 ff., 615 
Redwood, 513, 832 f. 
See also Big tree, Sequoia- 
dendron 
Region of elongation, 443, 472 
Region of maturation, 472 
Regular corolla, 600 
Reindeer moss, 252, 822 
Repetition, germination by, 257 
Reproduction, sexual, 67 ff.; 
vegetative, 286, 293, 461 ff., 
486, 504 


Resin, 405 
Resin duct, 403, 404, 446 
Respiration, 4, 48f., 573 ff; 


anaerobic, 49, 591 f., 575; of 
fats, 585 f.; glyoxylate cycle, 
586 f., pentose phosphate 
cycle, 576, 589 ff., in solute 
absorption, 47 f., TCA cycle, 
575 £., 579 ff., (diagram) 
581; temperature effect, 662; 
in water absorption, 47 f. 
Rest period, in seeds, 634 
See also Dormancy 
Restitution nucleus, 621 
Resurrection plant, 341, 342 
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Reticulate tracheids, 433 
Rhabdoporella, 159 
Rhizobium, 102 
Rhizoctonia, 274 
Rhizoids, 156, 228, 283, 290 
Rhizome, 309, 462 
Rhizophora, 477, 487, 634 
Rhizophore, 323, 330, 336 
Rhizopus stolonifer, 237 ff. 
Rhodobacteriales, 91, 108 f. 
Rhododendron nudiflorum, 
breaking dormancy in, 659 
Rhodomicrobium, 108 
Rhodophyceae, 212, 781 f. 
Rhodophyta, 207 f. 

See also Red algae 
Rhodopseudomonas, 109 
Rhodospirillum, 108, 109 
Rhus radicans, 495; R. toxico- 


dendron, 461, 722; R. verni- 


cifera, 722 
Rhynia, 315 f., 342, 785 
Rhynie beds, 314 
Rhyniophyta, 307 
Rhyniophytes, 314 ff., 342, 785 
Ribes in blister rust, 262 
Riboflavin, 650 
Ribonucleic acid, 41 
See also RNA 
Ribeoscmal RNA, 758 
Ribosomes, 38, EM 39, 759, 
EM 761; in chloroplasts, 549; 
in protein synthesis, 760 ff.; 
size, 40; structure, 759 f. 
Ribulose diphosphate, 559 
See RuDP 
Rice, 706 f. 
Rickettsia, 116 
Ring-porous wood, 452 
RNA, 41, 754 
RNA code for proteins, 759 
Robbins, William J., 660 
Robinia hispida, flower, 690; R. 
pseudoacacia, 486, (leaf) 494, 
497 
Rocella, 252 
Root cuttings, 486 
Root hairs, 327, 431, 472f., 
473 
Root pressure, 515 
Root-stem transition, 
481 
Root systems, types of, 468 f., 
469 
Root tip, 365, 471 
Rootcap, 322, 468, 471 f. 
Rooting, role of auxins, 650 


480 ff., 


Roots, 308, 427, 467 ff., aerial, 
487, 667; anatomy of primary 
tissues, 473; anatomy: of sec- 
ondary tissues, 477; of angio- 
sperms, 427, 467 ff; com- 
pared with stems, 468, 477 f., 
479 f; of conifers, 407; con- 
tractile, 483; depth, 469; ex- 
ploitation of soil levels, 469; 
external morphology, 468; 
of ferns, 365f.; functions, 
468; initials in, 470 f.; of ly- 
copods, 322; modified, 482 f.; 
number, 479; pericycle, 475; 
position, 468; primary growth, 
470; primary tissues, 472; 
secondary growth, 477 f.; 
secondary tissues, 477f.; in 
sewer pipes, 470; storage, 
482 f.; types of systems, 468 
f., 469 

Rosa, seedlings, 636 

Rosaceae, 628, 689 

Rose, 486, 689, 721 

Rosin, 418 

Rostafinski, Josef, 225 

Rubber, 719 f. 

Rubia, 720 

Rubus, 749 

See also Blackberries; Rasp- 
berries 

RuDP, 559 ff. 

RuDP cycle, 559 ff. 

Runner, 462 

Running pine, 325 

Russian thistle, 801 

Rusts, 255 ff.; white, 235 

Rye oy) 


Sac fungi, 238 ff. 
See also Ascomycetes 
Saccatdo, Pier Andrea, 223 
Saccharomyces, 244 
Saccharomycetales, 243 
Saccharum officinarum, 609 
Safflower, 720 
Sage, bur, 835; scarlet, 597 
Sagebrush, 459, 469, 805, 833, 
834 

Sagittaria, 693 f. 

Saguaro cactus, 525, 836 

Saintpaulia, 504 

Salicornia, 511, 834 

Salix, branch root, 478; catkins, 
686 

Salmonella typhosa, 91 

Salsola kali, 801 


Salt flats, 512 

Salvia, photoperiodism, 597; S. 
leucophylla, 657 

Salvinia, 362, 378 

Salviniales, 378 

Samara, 626, 627, 629 

Sambucus, lenticel, 456 

Samphire, 511 

San Joaquin Valley fever, 275 

Sand, 438 

Sand dune, 798 

Sanger, Frederick, 19 

Sanmiguelia, 701 

Sanseveria, 457 

Sap, ascent of, 513 

Sapodilla, 713 

Saprolegnia, 234 

Saprolegniales, 232 ff. 

Saprophyte, 98 

Sapwood, 405, 454, 569 

Sarcobatus vermiculatus, 511, 
834 

Sarcode, 27 

Sargassum, 204, 206 

Sarracenia, 504 f., 505 

Savanna, 818 

Saxifraga, 822 

Scalariform tracheids, 364, 433 

Scarification of seeds, 635 

Scarlet sage, photoperiodism, 
597 

Schinopsis, 720 

Schistostega pennata, 302 

Schizocarp, 626, 630 

Schizogenous resin ducts, 404, 
446 

Schizomycetes, 88 ff. 

See also Bacteria 
Schizophyta, 89 ff. 
Schizosaccharomyces, 244 
Schleiden, Matthias, 26, 28, 69 
Schmidt, Alexander, 444 
Schmitz, C. J. Friedrich, -69, 

208 
Schultze, Max, 28 
Schulze, 5 
Schwann, Theodor, 5, 26, 69 
Science, 2 f. 
Scientific method, 3 
Scientific names, 78 f. 
Scion, 465 
Sclereids, 429 
Sclerenchyma, 310, 429, 430 
Sclerotium, of ergot, 245, 246 
Scopes, John, 772 
Scorpioid cyme, 609 


Scotch broom, stems, 461; fruits, 
631 

Scouring rush, 346 

See also Equisetum 

Screwpine, 467 

Scrophulariaceae, 76, 691 

Sea lettuce, 156 

Seaweed, see Brown algae; Red 
algae, etc. 

Secale, 479, 721 

Secondary growth, 336, 432; in 
leaves, 503; in roots, 477 f., 
in stems, 402 ff., 449 ff. 

Secondary roots, 478 

Secondary tissues, see Secondary 
growth 

Sedge, 631, 821, 822 

Sedge mat, 799 f. 

Sedum, stomates, 500 

Seed coat, 383, 632; in cycads, 
396; role in dormancy, 635 f. 

Seed cupule, 419, 420 

Seed ferns, 385 ff. 

Seed plants, introduction to, 
382 fF. 

Seedlings, 634 f. 

Seeds, 383; causes of death, 638; 
of conifers, 413; of cycads, 
Eo f dispersal, 629 É., 794; 
dormancy, 635 ff.; food stor- 
age, 572, 633 f.; germination, 
634 f., longevity, 637 f., rest 
period, 634; structure, 632 f. 

Sego lily, 722 

Segregation, principle of, 726 

Seifriz, 33 

Selaginella, 325, 330 ff.; S. lepi- 
dophylla, 341, 342 

Selaginellales, 330 

Selaginellites, 335 

Selenium, 52 f., 54 

Self-sterility, 615 f. 

Semipermeable membrane, 43 

Sensitive plant, 671, 672 

Sepals, 600 

Separation disk, 131 

Separation layer, 492 

Septicidal dehiscence, 626 

Sequoia sempervirens, 
pipe 352 f. 

Sequoiadendron giganteum, 381, 
833; size, 399; wood, 403 

Seral communities, 810 f. 

Series formulation, 557 f. 

Serpentine, 531 

Sessile, 327, 490 

Seta, in bryophytes, 283 


500 F., 


Sewage, 807, 809 

Sexual reproduction, 67 ff. 

Sexual spores, 72, 229 

Sexuality, biological significance, 
74; nature, 68 

Seychelles palm, seed, 633 

Shadscale, 511, 834 

Sheathed bacteria, 92, 107 

Shepherd’s purse, young seed, 
632 

Shoot, 308, 427 

Short-day plants, 596 f., 654 

Short-grass_ prairie, 830 f. 

Shull, George H., 742 

Sieve area, 308, 430, 434 

Sieve element, 307, 434 f. 

Sieve plate, 308, 430, 434, 435 

Sieve tube, 308, 430, 434 

Sigillaria, 337 

Silica gel, 106 

Silicle, 626, 627 

Silicon, 52 

Silique, 626, 627 

Silt, 438 

Silver poplar, 486 

Simarouba glauca, 717 

Siphonales, 142, 143 

Siphonostcle, 364 

Skunk cabbage, 573 

Slash pine, 826 f. 

Sleep movements, 670, 671 

Slime molds, 223 ff. 

See also Myxomycetes 

Smartweed, leaf, 494 

Smelter smoke, 664 

Smilax, 497; leaf, 496 

Smith, Erwin F., 666 

Smog, 664 

omus eee oe 205 F. 

Snapdragon, 734, 737; mutant, 
745; tetraploid, 751 

Sodium, 52, 53, 537 

Softwood (wood of conifers), 
418 

Sol sy alkaline 51] f; 
components, 437; control of 
pH, 534 f.; correlation with cli- 
mate, 439; electrical balances, 
531 f.; exploitation by roots, 
469, 479; size of particles, 
437 f.; types, 438; water in, 509 

Sol, 12 

Solanaceae, 691, 722 

Solanum tuberosum, 462, 708 

See also Potato 
Solenostele, 364 
Solidago, roots, 477; S. canaden- 
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sis, 777; S. rugosa, leaf, 494 
See also Goldenrod 

Solutes, 12; absorption, 47 f. 

Solution, 12 

Solvent, 12 

Sordaria, 740 

Soredia, 253 f. 

Sorghastrum, 597, 830 

Sorghum, 561 

Sorus, 235, 368; types, 375 f. 

Sourwood, 646 

Southeastern evergreen forest, 
826 f. 

Soybeans, 103; initiation of 
flowers, 595; roots, 101 

Spallanzani, Lazzaro, 5 

Spanish moss, 252, 513, 536 

Speciation, 775 f. 

Species, defined, 77; differentia- 
tion, 775 f., number, 82 

Species Plantarum, 80, 223 

Specific epithet, 79 

Spectrum, 21f. of 
energy, 22 

Spelt (wheat), 706 

Sperm, 68 

Spermatangium, 210 

Spermatia, in red algae, 210; in 
rusts, 256, 258 

Spermatophyta, 81 

Spermogonium, 258 f., 260 

Sphaeriales, 246 

Sphaerotilus, 107 

Sphagnales, 296, 302 ff. 

Sphagnum, 302 ff., 303, 822, 
824, 829 

Sphenophyllales, 353 f. 

Sphenophyllopsida, 345 

Sphenophyllum, reconstruction, 
354 

Sphenopsida, 345 

Sphenopteris, 386 

Spice Islands, 711 f. 

Spices, 710 ff. 

Spike, 607 

Spindle, 57, EM 60 

Spindle fibers, EM 64 

Spines, 460 

Spiral tracheids, 433 

Spirillum, 91, 92 

Spirochaetes, 110 

Spirogyra, 153 f. 

Spirulina, 134, 135 

Spongy tissue, 367, 501 

Spontaneous generation, 5, 770 

Sporangium, 95 


radiant 
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Sporangiophore, in equisetoids, 
345; in fungi, 233 

Spore OS mepactctial, 94, 95: 
sexual 72 

Spore mother cell, 72, 287 

Sporidia, 257 

Sporobolus, 627 

Sporocarp, 377 

Sporogenous tissue, 323 

Sporophyll, 323 

Sporophyte, 147 

Spring beauty, 826 

Spring wood, 404, 452 

Spruce, black, 824; Engelmann, 
Soe red, 825: Sitka, 832; 
white, 824 

Spruce-fir forest, 824 f., 831 

Stalk cell, 395 

Stamen, 358, 601 

Staminate flower, 606 

Staminode, 602 

Stanley, W. M., 115 

Stanleya elata, 53 

Starch, 50; storage, 569; syn- 
thesis, 561 

Stareh grains, 570, 571 

Starch sheath, 449 

Statospore, 176, 183 

Steere, William C., 744 

Stele, 309, 446 ff.; in conifers, 
400 f.; in dicots, 446 ff.; in 
ferns, 364; in monocots, 457; 
types, 364, 471 

Stem rust of wheat, 260 

Stemonitis, fruiting bodies, 227 

Stems, 308, 427, 441 ff.; anat- 
omy, 444 ff; apical growth, 
442 ff.; climbing, 460 f.; com- 
pared with roots, 479 f.; evo- 
lution of types, 459; herb- 
aceous dicot, 446 ff.; modi- 
fied, 459 ff.; monocot, 456 ff.; 
perennation by, 461; photo- 
synthetic, 461; reproductive, 
461; succulent, 461; twining, 
460; vascular cylinder, 446 ff.; 
woody dicot, 451 ff., woody 
monocot, 458 f. 

Sterigma, 257 

Stigma, 603, 616 

Stigmaria, 337, 338 

Stigonema, 135 ff., 136 

Stinkhorn fungus, 272 

Stinking smut of wheat, 265 f., 
266 

Stipules, 490, 497 f. 


Stock, in grafting, 465; in» Iso- 
etes, 337 

Stolen 237 e Er 

Stomates, 282, 430, 431, 498 
ff., 499, 500, 518; in evolu- 
tionary history, 785; haplo- 
cheilic, 397; mechanics of 
function, 519f. numbers, 
500f., 748; in polyploidy, 
748; syndetocheilic, 397; 
types, 499, 500 

Stone Cells, 429.5430 

Stoneworts, 160 f., 161 

Strasburger, Eduard 69, 70 

Strawberry, 628 

Streptococcus, 91, 105 

Streptomyces, 110, 276 

Streptomycin, 276 

Strobilus, 323 

Stroma, 242 

Structural formulas, 13 f. 

Style, 603 

Stylites, 325 

Suberin, 310, 406, 436 

Succession, old field, 801, 802, 
803; primary, 787 ff.; second- 
ary, 801 ff. 

Succulents) 508, 523 ff., 525; 
photosynthesis, 523 f. 

Sucrose, 17, 570 

Sugar, 17; as stored food, 570 

Sugar beets, 482, 483, 570, 609 

Sugar cane, 561, 609, 610 

Sugar maple, 450, 825, 826; 
leaf, 495; twig, 443 

Sugar pine, 833 

Sulcus, 170 

Sulfur, 52, 538, 541 

Sulfur bacteria, 108, 109 

Sulfur dioxide, 664 

Summer wood, 404, 452 

Sundew, 505, 670 

Sunflower, 450; achene, 627; 
head, 693; phototropic re- 
sponse, 669; stem, 445 

Sunflower family, 607, 608 

Superior ovary, 605 

Supporting cells, 498 

Suspended animation, 4, 94 

Suspension, 12 

Suspensor, 328, 413, 633 

Swamp, bald cypress, 829; white 
cedar, 829 

Swarm cells, 225 

Swarm spores, 225 

Sweet corn, 570, 634 


Sweet potato, 482, 483, 704, 
708 

Swietenia mahogani, 719 

Sycamore, 495 

Syconium, 625, 628 

Sylloge Fungorum, 223 

Symbiosis, 99, 250 

Sympetalous flowers, 600 

Sympodial cyme, 609 

Sympodial inflorescence, 608 f. 

Sympodial stem, in cycads, 391 

Synangium, 388 

Synchitrium, 232 

Syndetocheilic stomates, 397 

Synechococcus, 133 

Synecology, 9, 792 ff. 

Synergid nuclei, 613 

Syngamy, 68, 147 

Synoptical key, 81 

Systematic botany, 9 

Systems I and II in photosyn- 
thesis, 545, 552 ff. 


Syzygium aromaticum, 712 


Tactic movements, 669 
Tagetes, 749 
See also Marigold 

Takakia, 289 f. 

Takhtajan, Armen, 308, 359, 
682, 683 

Tall-grass prairie, 830 

Talus plants, 798 f. 

Tamarack, 824 

Tannins, 720 

Tapetum, 323, 613 

Taproot, 391 

Taproot system, 468, 469 

Tatum, E- L. 737.5796 

Taxales, 415 

Taxies OCOT 

Taxodium, 408, 828 f., 829 

Taxon, 77 

Taxonomic principles, 675 ff. 

Taxonomy, 9, 76 ff; history, 
679 ff.; of angiosperms, 674 ff. 

Taxus, 415 

Taylor, J. Herbert, 61 

TCA cycle, 575 f., 579 f., dia- 
gram, 581; energy relations, 
584 

Teal 

Teliosorus, 259 f. 

Teliospore, 256, 259; of wheat 
rust, 261 

Telome, 361 

Telome theory, 361 f., 362 


Telophase, 61 

Temperature, effect on chemical 
reactions, 13; effect on flow- 
ering, 598 f.; effect on food 
accumulation, 662, 663; ef- 
fect on germination, 635, 636; 
effect on growth, 662 ff.; ef- 
fect on photosynthesis, 567 f. 

Tendril, 461, 669 å 

Teosinte, 707 

Tepal, 601 

Terminal bud, 400, 443 

Terpenes, 436 f., 656 

Tertiary period, 789 

Tetracycline, 276 

Tetragonidium, 172, 174 

Tetrakaidecahcdron, 428 

Tetraploid, 746 

Tetrarch stele, 366 

Tetrasporangium, 212 

Tetraspores, 212 

Tetrasporophyte, 212 

Thallobionta, 82; compared 
with Embryobionta, 281 f. 

Thallophyta, 81 

Thallus, 126 

Theobroma cacao, 713 

Theophrastus, 484, 679 

Theory, 3 

Thermal pollution, 809 

Thermonasty, 670 

Thermotropism, 667 

Therophyte, 819 f. 

Thiamin, 660 

Thigmonasty, 670 

Thigmotropism, 667, 669 

Thiobacillus, 108, 561 

Thiopedia, 109 

Thiorhodaceae, 109 

Thiospirillopsis, 108 

Thiospirillum, 109 

Thiothece, 109 

Thorns, 459 f., 460 

Threshold, 564 

Thuja plicata, 805, 832 

Thylakoids, 130, 549, EM 550 

Thymine, 754; structure, 755 

Tilia, 826; stem section, 451, 
452 

Tillandsia usneoides, 513, 536 

Tilletia, 265 

Timberline, 822 f. 

Timberline tree, 792 

Tissue culture, 660 

Tissues, 194 f., 427 ff.; complex, 
428; primary, 336, 432; sec- 


ondary, 336, 432; simple, 428 
See also Epidermis; Paren- 
chyma; Xylem, etc. 
Tmesipteris, 308 ff., 309 
TMV, 115, 116, 118 
Toadstool, 266 ff. 
Tobacco, 714; phyllotaxy, 491 
Tobacco mosaic disease, 123, 
124 
Tobacco mosaic virus, 115, 116, 
118 
Tomato, fruit, 651; nutrient de- 
ficiency, 540 ff. 
Tonoplast, 33, 34 
Tooth fungus, 270 
Torus, 403 
Totipotent cells, 645 
Touch-me-not, 631; photonastic 
movements, 670 
Tournefort, Joseph Pitton de, 
679 
Trabeculae, in Isoetes, 340; in 
Selaginella, 330 
Trace elements, 52 f. 
See also Mineral nutrition 
Tracheid, 307, 432 ff, 433; 
types, 364, 433 
Tracheophyta, 307, 360 
Tractile fibers, 57 
Transduction, 97, 122 
Transect, 812 
Transfer RNA, 758 
Translocation of foods, 568 f. 
Transpiration, 293, 516 ff. 
Trebouxia, 140, 250 
Tree ferns, 357, 363, 377 
Tree of heaven, 721 
Treeline, northern, 822 
Trees, longevity, 405, 452 
Treponema, 110, 111 
Triarch stele, 366 
Triassic period, vegetation, 787 
Tribonema, 178, 180 
Tricarboxylic acid cycle, 579 ff. 
See also TCA cycle 
Trichia floriformis, 226 
Trichoblast, 218 
Trichocysts, 174 
Trichodesmium, 127 
Trichogyne, in Ascomycetes, 
240; in red algae, 210 
Trichome, 431; in algae, 128 
Trichomonas, 8 
Trichophyton, 275 
Trichothallic growth, 195 
Tricolpate pollen, 614 
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Trifolium, sleep movements, 
671; T. repens, 794; T. sub- 
terraneum, 668 

Trihybrid, 730 

Trillium erectum, flower, 594; 
microsporogenesis, 615 

Triose phosphate, 559 

Triple-fusion nucleus, 618 

Triploid, 746 

Triticum, 705 f. 

Tropisms, 667 ff. 

Truffles, 249, 484 

Tsuga canadensis, 825: T. hete- 
rophylla, 401, 805, 832 

Tube cell, 393, 614 

Tube nucleus, 614, 618 

Tuberales, 249 

Tubers, 462 

Tulasne, Charles, 240 

Tulasne, Louis René, 240, 484 

Tulip tree, 425, 489, 645; leaf, 
495; wood, 454 

Tumbleweed, 629, 801 

Tundra, 817, 820; alpine, 822, 
823; soils, 439 

Tunica, 443 f. 

Tunica-corpus concept, 443 f. 

Turgor, 33, 43 

Turgor movements, 667, 671 f. 

Turgor pressure, 43, 46 

Turpentine, 418 

2, 4-D, 651 f., 652 

Tyloses} 454 


Ubiquinone, 555 

Ulmus, 721; leaf, 495 

Ulothrix, 151 f. 

Ultraviolet light, effect on 
growth, 66l f.; as a muta- 
genic agent, 744 ff. 

Ulva, 156 f. 

Umbel, 607 

Umbelliferae, 690 f., 722 

Umbellularia californica, 836 

Unit membrane, 34 

Uracil, 754, 757 

Uranium-lead ratio, 86 

Uredinales, 257 ff. 

Uredosorus, 259 

Uredospore, 259 

Uridine triphosphate, 21 

Usnea, 252, 253 

Ustilaginales, 263 ff. 

Ustilago bullata, 267; U. may- 
dis, 264f.; U. tritici, 264, 
265 
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UTP, 21 
Utricularia, 505, 506, 799 


Vaccinia, 120, 123 

Vaccinium, 748 f. 

Vacuolar membrane, 33, 34 

Vacuolariaceae, 177 

Vacuole, central, 32; contractile, 
164 

Valence, 13 

Vallecular canals, 348 

Valve, in diatoms, 187 

van Beneden, Eduard, 70 

Vanadium, 52, 54 

Vanilla, 712 

Vascular bundle, 445; types, 
448 

Vascular cambium, 336, 406 

Vascular cryptogams, 358 

Vascular cylinder, 446 

Vascular plants, 307f., 426; 
ancestral prototype, 315; 
Paleozoic, 785 ff. 

Vascular rays, 455 

Vaucheria, 180 ff., 181, 182, 
a) 

Vegetation of North America, 
820 ff.; map, 821 

Vegetation types, 817 f. 

Vegetative buds, 819 f. 

Vegetative reproduction, 286, 
293, 461 ff., 486, 504 

Veil, in mushrooms, 269 

Veins of leaves, 502 f. 

Velamcn, 487 

Velum, 340 

Venter, 284 

Ventral canal cell, 284 

Venus’s fly-trap, 7, 505, 671 

Verbascum blattaria, seed lon- 
gevity, 638; V. thapsus, 431, 
498 

Vessels, 433 f., 790; in pterido- 
phytes, 376; in Selaginella, 
330 

Victoria cruziana, 523 

Vinegar, 105 

Vines, 460, 669 

Violaxanthin, 194, 548 

Virales, 119 

Virions, 116, EM 117, EM 120 


Viruses, 114 ff., classification, 
118 f£.; dispersal, 119; eco- 
nomic importance, 123 f; 


evolutionary origin, 122; phy- 
logeny, 119, 120; pox, 116; 
replication, EM 114; repro- 


duction, 119; size, 116; struc- 
ture, 116 f. 
Vitamins, 644, 659 f. 
See also Growth-regulating 
substance 
Vitis, 709 
Volva, in mushrooms, 269 
Volvox, 142, 149, 150 


Wallace, Alfred Russel, 772 

Wallace, Henry A., 744 

Warm desert, 834 ff. 

Wastes, disposal of, 658 

Water, distribution in soil, 509; 
movement into xylem, 515 f.; 
in photosynthesis, 563 f. 

Water absorption, metabolic fac- 
tors, 512; non-root, 513; by 
roots, 510f.; by seeds, 632, 
635 

Water clover, 377, 378 

Water ferns, 378 

Water hemlock, 482, 722 

Water hyacinth, 468, 522 

Water lily, 522 

Water molds, 232 ff. 

Water potential, 46 

Water relations, 509 ff. 

Water-splitting, in photosynthe- 
sis, 556 f. 

Water table, 509 

Watson, James D. 756 

Weed killers, 651 

Weeds, 631 

Weismann, August, 70 

Welwitschia, 422, 423 

Went, Frits W., 649 

Western coniferous forest, 831 

Western hemlock, 805, 832 

Western red cedar, 805, 832 

Western white pine, 832 

Wettstein, 208 

Wheat, 705 f., in genetic stud- 
ies, 736; harvest, 703; smuts, 
265 f.; stem rust, 260 ff. 

Wheatgrass, 833 

White-cedar swamp, 829 

White oak, wood, 719 

White pine, 825 

White rusts, 235 

Wickham, Henry, 720 

Wilkins, Maurice, 756 

Williamsoniella, 390 

Willow, branch root, 478; cat- 
kins, 686 

Wilting coefhcient, 510 


‘Wind, effect on plant growth, 
664 
See also ‘Transpiration 
Wind-pollinated plants, 617 
Winge, Oejvind, 746 
Winter annuals, 427 
Winter fat, 511, 834 
Winter-killing of trees, 527 
Winteraceae, 674 
Wiregrass, 828 
Wisteria, layering, 464 
Withering, William, 716 
Wood, commercial value, 719; 
sections, 402, 403, 453 
See also Xylem 
Wood alcohol, 592 
Wood rays, 403, 451 
Wounds, healing, 665 


x, in chromosome numbers, 747 
X, in photosynthesis, 557 
Xanthisma texanum, 676 
Xanthophyceae, 177 f. 
Xanthophyll, 37, 547 ff. 
Xerarch succession, 797 
Xerophytes, 522 ff.; roots, 469 
Xerosere, 797, 798 f. 
X-rays, 662, 732 
Xylan, 142 
Xylaria polymorpha, 250 
Xylariaceae, 249 
Xylem, 307, 402 A A 
446 ff.; parenchyma (function 
in ascent of sap), 514 f.; rays, 
403, 451; in roots, 473 ff. 
secondary, 402 ff., 451 ff. 
See also Wood 


Y, in photosynthesis, 557 

Yam, 708 

Yeasts, 243, 244, 592 

Yellow-green algae, 177 ff. 

Yew, 415 

YOH, in photosynthesis, 558 

Yucca, 1, 459; pollination, 616 
f. Y. brevifolia, 459, 697, 
836 


Zamia, 390, 392, 397; cross sec- 
tion of stem, 391; life cycle, 
396; sperm, 395 

Zea mays, 707 

See also Corn 

Zeatin, structure, 658 

Zeaxanthin, 548 

Zimmermann, Walter, 308, 361 

Zinc, 52, 54, 536, 540, 541, 542 


INDEX 885 


Zonation of vegetation, 816, Zoysia, 72] Zygomycetes, 230 f. 
831 Zygadenus, 722 Zygospore, 148, 236 
Zoospore, 68, 146 Zygnema, 154 Zygote, 68 
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